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ABSTRACT 

The contributions of peptide antigen affinity for TCR in driving T cell memory is 

unclear. Effector CD4 T cells must recognize cognate antigen again at an effector 

checkpoint, 5-8 days post-infection, to generate an optimal memory population. In this 

thesis, we examined whether peptide affinity for the TCR of effectors impacts the extent 

of memory and degree of protection against rechallenge. We used an influenza A virus 

(IAV) nucleoprotein (NP)-specific TCR transgenic strain, FluNP, and generated NP-

peptide variants that bind FluNP TCR with a broad range of avidity. Varying peptide 

avidity in vivo at the effector checkpoint revealed that higher affinity interactions yielded 

greater numbers of FluNP memory cells in the spleen and most dramatically in the lung 

and dLN. The major impact of avidity was on memory cell number, not cytokine 

production, and was already apparent within several days of transfer. These memory cells 

demonstrated enhanced protection against lethal IAV infection with a robust early day 5 

secondary effector response in the lung. We previously showed that autocrine IL-2 

production during the effector checkpoint prevented default effector apoptosis and 

supported memory formation. Here, peptide avidity determined the level of IL-2 produced 

by effectors while IL-2R expression was unaffected. However, IL-2Ra expression by APC 

drove more memory cell formation, suggesting that transpresentation of IL-2 by APC at 

this checkpoint enhanced CD4 memory generation. Secondary memory generation was 

also avidity-dependent. We propose this pathway selects CD4 effectors of highest affinity 

to progress to memory and can instruct future vaccine design.  
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CHAPTER I: Introduction 

Overview 

 As we continue to feel the negative impacts caused by a global pandemic resulting 

from a rapidly mutating single-stranded RNA respiratory virus, SARS-CoV-2, we are 

reminded of the crucial importance of T cell memory, which recognizes mostly conserved 

viral epitopes and hence provides broader, heterologous immunity compared to antibody. 

Effector and memory CD4 T cells are a crucial element to protecting against infection. 

During the effector phase of the immune response, effector CD4 T cells provide help to 

germinal center B cells (GCB) to promote a robust antibody (Ab) response and drive 

somatic mutation and selection of high affinity antibody-secreting B cells (AbSC) (1), as 

well as provide help to CD8 T cells during influenza A virus (IAV) infection to promote 

CD8 T cell resident memory (TRM) (2-4). After viral clearance, a cohort of CD4 effectors 

become memory CD4 T cells which mediate protection by multiple mechanisms that act 

alone or in synergy with B and CD8 T cells, against lethal infection (5-7). However, signals 

required for the transition of CD4 effectors to memory cells are not yet well-defined. 

Therefore, it is critical we identify the signals required to support an optimal transition of 

CD4 effectors to memory cells. Understanding these signals and processes will provide 

essential insights into effective future vaccine strategies that will benefit society for the rest 

of time.  

Influenza Viruses 

A. Overview 
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Influenza viruses belong to the Orthomyxoviridae family of viruses. There are four 

genus of influenza virus, classified as influenza A virus (IAV), influenza B virus (IBV), 

influenza C virus (ICV) and influenza D virus (IDV) (8). All four can infect people, 

however IAV and IBV are the predominant influenza viruses that cause disease in humans. 

Both IAV and IBV have eight RNA segments, while ICV and IDV have only seven (8). 

IAV is known to infect waterfowl and mammals, IBV primarily infects humans but has 

been isolated from other mammals, ICV primarily infects children, but can also infect pigs, 

and IDV primarily infects cattle and pigs, although some cattle workers have recorded 

antibodies against the virus (8-10). In public health, IAV and IBV are of the greatest 

concern because these species mutate rapidly and can cause severe disease in people, while 

ICV and IDV pose less mutation risk and result in mild infections.  

IAV classifications exist because of different variations of viral proteins, 

hemagglutinin (HA) and neuraminidase (NA), expressed on the surface of the virion. There 

are 18 HA subtypes (H1-18) and 11 NA subtypes (N1-11), however the predominant 

strains in humans are H1N1 and H3N2. Typical nomenclature for influenza viruses include 

the type (A, B, C, D) and if A include parenthetical H#N#, followed by the host if not 

humans, the location of isolation, the isolate number, and the year of isolation, i.e. 

B/Victoria/2/1987, as per Whole Health Organization guidelines (11). 

B. Structure and Genome  

The influenza viruses are anti-sense, single stranded RNA, enveloped viruses made 

up of either eight (IAV, IBV) or seven (ICV, IDV) gene segments. IAV and IBV gene 

segments include HA, NA, NP, NS, PA, PB1, PB2 and M. The hemagglutinin (HA) gene 



 3 

segment encodes the HA glycoprotein trimer expressed on the surface of the virion which 

enables viral entry into host cells and the neuraminidase (NA) segment encodes the 

tetrameric surface glycoprotein NA which enables viral exit from the host cell. The 

influenza RNA polymerase complex is comprised of proteins generated from the PB1, PB2 

and PA gene segments (8). Nucleoprotein (NP) interacts with the gene segments inside the 

virion to protect the viral RNA from degradation. The viral ribonucleoprotein (vRNP) 

complex consists of one influenza RNA gene segment coated with numerous NP proteins 

and loaded with the polymerase complex (protein) ready for immediate transcription 

following infection. NP may also serve a back-up role in targeting the vRNP to the nucleus, 

as NP contains two nuclear homing sequences (NLS). The non-structural protein NS1 and 

the nuclear export protein (NEP) is encoded by the NS gene segment. The NS1 protein acts 

to dampen the host cell innate immune response and the NEP results from an NS splice 

variant and assists the vRNP in leaving the host cell nucleus following replication. The M 

gene segment encodes for two proteins, M1 and M2. M1 is the surface envelope matrix 1 

protein which acts as the scaffold to the host-derived lipid envelope. The ion channel matrix 

(M2) protein is the least abundant per virion at about a 16-20 count and spans the viral 

envelope. The viral envelope itself is comprised of a lipid bilayer stolen from host cells 

and contains HA and NA on its surface while M2 acts as a trans-membrane protein.  

C. Infection and Spread 

Influenza virus enters a new host through the respiratory tract following contact 

with infectious aerosols or any inhaled viral particles. The HA binds to sialic acid on host 

cell receptors. Many host cells express membrane-bound glycoproteins with sialic acid at 
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the terminal ends. Different host organisms display different versions of these sialic acid 

molecules and the IAVs that infect these organisms utilize different HA molecules to take 

advantage of these interactions. Humans have an abundance of a(2,6) sialic acid while 

waterfowl have a greater abundance of a(2,3) sialic acid (12, 13). IAVs that have evolved 

to infect humans contain HAs with greater affinity for a(2,6) sialic acid, while IAVs that 

predominately infect birds have HAs that bind well to a(2,3) sialic acid. Interestingly, pigs 

express both a(2,6) and a(2,3) sialic acid which makes them a great host to propagate 

pandemic or endemic IAV strains (13).  

Influenza viruses predominately infect and replicate in lung epithelial cells (14, 15). 

Once HA binds to sialic acid on the host cell, the viral particle gets taken up by the host 

cell through endocytosis. As the endosome becomes more acidic (pH 5-6), the virus uses 

this to its advantage. The acidic environment induces a few key conformational changes in 

influenza proteins that allow for release of vRNPs into the host cell cytoplasm. Influenza 

HA has two key forms, a precursor HA0, and a cleaved form HA1 and HA2 linked by 

disulfide bonds. Cleavage of the HA0 precursor is thought to occur extracellularly, or on 

exit from infected host cells at the cell membrane and will be discussed below. The acidic 

environment of the endosome causes a conformational change in HA2 which exposes the 

fusion peptide without disrupting the sialic acid binding domain of HA1. The now exposed 

fusion peptide of HA2 inserts into the host endosomal membrane and brings the viral 

membrane and host endosomal membrane into contact. The acidic conditions of the 

endosome results in a conformational change in the M2 ion channel that opens this channel 

and allows for the acidification of the viral particle itself. This in turn releases the vRNP 
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bound to M1 and allows the vRNP to move freely. As multiple HAs form a bridge between 

the viral and host membrane a pore is opened into the host cell cytoplasm. The now free 

vRNPs move through the pore and into the host cell cytoplasm. 

Once inside the host cell the next phase of the influenza life cycle involves 

transcription, the process by which more viral proteins are built, and replication, the 

process by which new viral gene segments are generated. However, both processes cannot 

happen until the vRNPs gain access to the host cell nucleus. The vRNP is too large to 

passively enter the host cell nucleus through the nuclear pore complex and instead utilize 

protein mediated active transport (16). All four viral proteins associated with the viral RNA 

segments (NP, PB1, PB2 & PA) contain nuclear localization signals (NLS) which target 

the vRNP for active transport into the nucleus (17-20). 

Influenza has developed several sophisticated tricks to take advantage of host cell 

machinery, none more ingenious than “cap snatching.” Host cell mRNA contain a 3’ 

poly(A) tail and a 5’ methylated cap, while the vRNPs have a poly(A) tail but no 5’ cap. 

In order to initiate transcription of the viral RNA, the viral RNA polymerase complex 

associates with host cell RNA Pol II and steals the 5’ cap from nascent host mRNA strands 

to initiate transcription of the viral genome (21, 22). The PA subunit loads viral RNA into 

the active site of PB1 and PB2 and transcription is terminated by polyadenylation. Viral 

mRNAs exit the host cell nucleus and hijack host cell machinery for translation into protein 

while inhibiting host protein synthesis (23).  

Viral replication requires an intermediate positive sense RNA strand and more 

vRNP-associated proteins NP, PA, PB1 and PB2. Following translation, these vRNP-
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associated proteins traffic back to the nucleus to facilitate replication. The viral RNA 

polymerase complex initiates the generation of a positive sense complimentary RNA strand 

from which the new negative sense RNA of the vRNP complex is synthesized. The nuclear 

export protein (NEP) allows for the active transport of newly synthesized vRNPs out of the 

nucleus and into the cytoplasm. 

Once translated in the cytoplasm, HA and NA traffic to and insert into the host cell 

membrane. This is when extracellular proteases cleave the HA0 precursor into the HA1 

and HA2 subunits. The M1 protein then attaches to the cytoplasmic tails of the HA and NA 

proteins and are loaded with newly synthesized vRNPs exported from the nucleus. 

Recruitment and insertion of M2 into the lipid bilayer is required for forming the spherical 

shape of new viral particles and for release of these new virions from the host cell 

membrane.  

D. Disease  

 An accurate assessment of the global influenza disease burden is difficult to 

calculate due in part to a lack of systematic laboratory influenza virus diagnostic testing 

and the dramatic variation in circulating strains from year to year. Looking at the 1999-

2015 period, an estimated 300,000-645,000 people were killed each year as a result of 

influenza infection (24). From 2010-2020 the United States experienced 9-45 million 

influenza infections per year which resulted in 4-21 million medical visits each season and 

an estimated death toll of 12,000-61,000 per year (25). In the United States, seasonal 

influenza costs the healthcare system approximately $3.2 billion dollars each season and 

the total economic impact is estimated at slightly over $11 billion dollars per year (26). 
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However, since the start of the coronavirus pandemic, seasonal influenza infections and 

related deaths have plummeted. The 2020-2021 flu season saw the fewest recorded 

influenza infections in the USA since data collection began in 1977 (27). This short-term 

influenza relief may fade as physical measures such as masking and social distancing fall 

out of favor. An additional headwind is that the historically low influenza infection rate 

makes it very difficult for the WHO to get a sense of the predominant strains in circulation, 

which are crucial for seasonal vaccine formulation, as discussed below.  

Influenza Vaccination  

A. Overview 

 In 1918 an H1N1 influenza pandemic killed an estimated 50-100 million people 

across the globe, one of the deadliest global events in all of human history (28). On the 

heels of this global catastrophe, the scientific community rallied together to study this 

disease, and in 1933 the first influenza virus was isolated from patients and propagated in 

ferrets (29). In 1937, the first influenza vaccination strategy was developed in Soviet 

Russia, by passaging influenza virus isolated from patients through ferrets and mice to 

generate a less virulent live attenuated vaccine (30). Patients inhaled this live attenuated 

influenza through the nose, and only 20% of subjects developed mild symptoms, allowing 

the authors to declare this immunization “well-tolerated” (30). Since that time, researchers 

have developed different vaccination strategies to reduce the incidence of adverse events 

in patients, while promoting satisfactory protection against lethal infection. A major 

challenge to influenza vaccine development is the high mutation rate of the virus, with 

influenza A strains developing 1-8x10-3 mutations per site per year (31, 32) while influenza 



 8 

B strains demonstrate a lower mutation rate of about 0.5x10-3 mutations per site per year 

(32). Influenza viruses have such a high mutation rate because influenza RNA polymerase 

lacks any proofreading mechanism (33). Mutations that occur in HA and NA genes may 

result in the loss of epitopes on these viral surface proteins that are recognized by existing 

antibodies, and these mutations are classified as antigenic drift (33). Furthermore, antigenic 

shift can occur when a host becomes infected with two or more influenza viruses at the 

same time and viral genetic material reassorts, generating a new virus with random gene 

segments from the two initial viruses (33, 34). Wild migratory aquatic birds are generally 

accepted as the predominant host these endemic influenza strains originate from (35), 

although there are instances of new strains developing in mammals, most recently the 2009 

H1N1 “swine flu” (36), so preventing new viruses from arising is not feasible. Since 

influenza viruses have such a high mutation rate, coupled with the ability to generate novel 

strains through antigenic shift, it is quite challenging to foster life-long influenza immunity 

in people. From a probabilistic perspective, vaccines that elicit the widest immune response 

to surface and internal influenza antigens provide the greatest chance to protect people 

from severe disease year after year. 

B. Split or Whole Inactivated Virus 

 When you receive your influenza vaccine one of the questions asked every year is 

“do you have an egg allergy?” This is because historically the inactivated influenza vaccine 

was prepared from virus grown in chicken eggs. Inactivated influenza vaccines (IIV) have 

been widely utilized since the 1940s. During the Southern Hemisphere’s flu season, the 

World Health Organization (WHO) typically selects three or four of the most prominent 
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circulating influenza strains to include in the influenza vaccine for the upcoming Northern 

Hemisphere flu season. These typically include two or three influenza A virus strains and 

one influenza B virus strain. These influenza virus strains are grown in fertilized chicken 

eggs, harvested, and killed by some mechanism or other (37). For whole inactivated virus 

vaccines, once the virus is grown and isolated from the eggs, the process moves straight to 

inactivation. However, split vaccines require another step of isolating the surface HA and 

NA viral antigens as well as pieces of internal M1 and NP proteins. The isolated whole 

virion is “splt” using a solution with tween and either Triton X100 or di-ethyl-ether to lyse 

the viral particle and release all the proteins (38). The specific proteins, HA, NA, M1 and 

NP, are further isolated from this viral particle soup. Next, the whole virus or split virus is 

inactivated. The inactivation or killing methods for approved human vaccines utilize 

formaldehyde (formalin) or beta-propiolactone, but other methods used in laboratory 

studies may include heat or ultraviolet radiation inactivation. 

 There are several drawbacks to these vaccination approaches. The first is that of a 

human nature. The WHO attempts to predict what the prevalent flu strains will be in the 

future. Unfortunately, this is a best guess, and not time travel. Given the nature of time and 

viral evolution, by the time 6 months have passed and the Northern Hemisphere enters flu 

season, the prevailing strains may have changed over this time, so the vaccines created for 

that season generate protection against different strains than those in circulation. A second 

viral evolution problem arises from growing influenza virus in chicken eggs. For the virus 

to better infect the egg cells, the virus will often mutate its HA to better infect the egg cells. 

Since HA is one of the predominant antigens antibodies are generated against, if the virus 
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growing in the eggs to be used in upcoming vaccines has mutated away from the original 

strain to better infect its new host, the chicken egg, then the isolated strains used to make 

the vaccines will be different from the parent strain. To circumvent this issue, some vaccine 

viral stocks are grown in MDCK cells instead of chicken eggs, however this cell culture 

process is much more expensive than using chicken eggs and several countries around the 

world still rely on chicken eggs to grow their vaccine viral stocks.  

C. Protein Subunit Vaccination 

 Protein subunit vaccines, also called recombinant vaccines, are produced in insect 

cells using a baculovirus expression vector. These vectors use the insect cell machinery to 

express viral mRNA and translate them into protein in the insect cells. The protein antigens 

are isolated, purified and used as a vaccine. The most common influenza proteins used in 

subunit vaccines are HA (FluBlok), NP, M2 and NA (39). These vaccines rely heavily on 

adjuvants to provide adequate inflammatory signals to generate an immune response (39). 

These vaccines are enticing because they provide at least a three-times greater dose of 

specific Ag compared to IIV (40, 41), and have been shown to increase anti-HA antibody 

titers in the elderly (42). In a direct head-to-head comparison in humans, the protein subunit 

vaccine, FluBlok, elicited both a larger CD4 T cell response and anti-HA antibody 

response, compared to the IIVs Fluzone and Flucelvax (43). A potential downside risk to 

protein subunit vaccines is that if the virus mutates away from the protein subunit used in 

the vaccine, the immunological memory induced by these vaccines may prove useless 

against new variants. 

D. Live Attenuated Immunization 
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 Live attenuated influenza vaccines (LAIV) were actually the first vaccines utilized 

to immunize workers in the Soviet Union in the late 1930s (30). These first vaccines were 

crudely generated by serial passage of patient isolated influenza virus through mice and 

ferrets, generating an attenuated virus that was “well tolerated” by subjects. Today, much 

more sophisticated techniques are used to generate LAIV, however the methodology 

remains larger the same. Cold adapted (CA) LAIV can replicate in the nose at a temperature 

of 25°C but cannot replicate at higher temperatures in the lung of about 37°C. Intranasal 

LAIV allows for modest viral replication to occur, specifically restricted to the nasal 

passage, but prevents replication in critical lung tissue. These vaccines better mimic 

conditions arising from infection because the immunogen can infect cells and replicate, in 

the hopes of generating an immune response comparable to a response arising from 

infection. In contrast to inactivated vaccines, LAIV are delivered intranasally and thus 

generate a local immune response at the site of influenza virus infection, the respiratory 

tract, compared to intramuscular inoculation with inactivated vaccines.  

In a meta-analysis of clinical trial data spanning 1988-2020, there was a slight 

advantage of trivalent IIV over LAIV in preventing confirmed influenza infection of adult 

and elderly populations (44). In children however, both LAIV and adjuvanted trivalent IIV 

was significantly better at preventing laboratory confirmed influenza compared to trivalent 

IIV (44). One possibility for why LAIV work better in children compared to adults is that 

the LAIV may be neutralized by pre-existing antibodies better or more completely in adults 

with a long history of exposure to influenza, compared to children with a more naïve 

immune system. The LAIV may replicate better and present viral antigens for a longer 
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duration in kids vs. adults, thus generating a better immune response compared to IIV, 

while LAIV gets neutralized very quickly in adults, does not replicate to the same degree 

as in children and thus performs more like an intranasal IIV than a LAIV. All subjects 

regardless of age were better protected from laboratory confirmed influenza after receiving 

any vaccine compared to placebo (44).  

E. Adjuvants 

 Adjuvants are added to vaccines to boost the immune response compared to the 

vaccine alone. Protein antigens are broken down and cleared from hosts very quickly, so 

adjuvants can act to emulsify or stick to antigens and slow their degradation (45). 

Adjuvants also activate innate pattern recognition (PR) pathways and induce production of 

inflammatory molecules, such as cytokines and chemokines, to further promote the T and 

B cell response (46). This, in turn, can increase activation and migration of APC to the site 

of immunization, which helps to activate a T cell response (47). In a direct comparison of 

children immunized with either non-adjuvanted IIV or IIV adjuvanted with MF59, 

laboratory confirmed cases of influenza were reduced in the IIV MF59 compared to IIV 

alone (44). 

F. New Technologies  

 The COVID-19 pandemic saw the US government rapidly invest $18 billion dollars 

in the development of novel SARS-CoV-2 vaccines. The “new” vaccines utilized 

adenovirus vector (AAV) and mRNA lipid nanoparticle (LNP) technologies to provide 

SARS-CoV-2 Ag to the host. DNA, RNA and AAV vaccine and gene therapy designs have 

been studied for years (48, 49), so it is great to see these technologies enter the mainstream 
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and earn FDA approval. Both AAV and mRNA vaccines induce anti-spike protein 

antibodies and memory T cells against SARS-CoV-2 (50, 51). In comparison to IIV, which 

only present Ag for 3-4 days in vivo (52), mRNA-LNP vaccine delivery demonstrates that 

the encoded protein Ag persists up to 13 days after injection (53). As an added bonus, the 

LNP itself is highly inflammatory, which generates the cytokines and chemokines akin to 

an adjuvant that activate APC (54). This long duration of Ag delivery, coupled with a 

robust inflammatory signal, demonstrates the promise of mRNA-LNP vaccine technology 

to activate the innate immune system and provide Ag for T and B cells for a significantly 

longer duration than IIV.  

Immune Response to Influenza  

A. Innate and Adaptive Immunity to Influenza 

 The overall immune response can be broken down into two key arms, the innate 

and adaptive response. Under homeostatic conditions, specific cellular components are 

contained in certain locations and in specific confirmations, while influenza infection 

introduces viral components in locations and confirmations that are outside normal cellular 

conditions. The innate immune response consists of the innate ability of all cells to mount 

some type of inflammatory response, typically utilizing pattern recognition receptors 

(PRR), stimulated by pathogen-associated molecular patterns (PAMPs). The adaptive 

immune response consists of a specialized cellular response to a pathogen, specifically in 

the case of influenza, B and T cell responses.  

 Influenza virus infects and replicates inside lung epithelial cells (14, 15). These 

cells possess the innate ability to detect viral components that are not normally present 
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under homeostatic conditions. The main contributors to the innate recognition of influenza 

infection are the Toll-like receptors (TLR), retinoic acid-inducible gene 1 (RIG-I) like 

receptors (RLR) and NOD-like receptors (NLR) (55). Each PAMP and the PRRs that 

trigger the innate immune response will be discussed below. 

 As mentioned previously, the outset of influenza infection starts when a host cell 

uptakes the virus into an endosome. Two of the endosomal TLRs, TLR3 and TLR7, 

recognize double-stranded and single-stranded RNA respectively and activation of these 

TLRs results in production of pro-IL-1b, pro-IL-18 and the type I interferons, IFNa and 

IFNb (55-59). Since influenza is a single-stranded RNA virus, it is currently unclear how 

TLR3, a double-stranded RNA sensor, responds to influenza and mice that lack TLR3 

actually exhibit a survival advantage and a completely normal T cell response (57, 60).  

 Newly replicated vRNPs are recognized by RIG-I in the cytoplasm. The 

cytoplasmic RIG-I receptor recognizes the 5’ triphosphate of the uncapped vRNP (61, 62). 

This triggers a conformational change in RIG-I that enables it to interact with 

mitochondrial antiviral signaling protein (MAVS), which in turn results in pro-IL-1b, pro-

IL-18 and type I interferon production (63, 64).  

 Lastly, the NOD-like receptor pyrin domain 3 (NLRP3) can recognize multiple 

viral determinants, such as viral RNA, M2-mediaited acidification of the viral core, and 

high molecular weight PB1 complexes specifically in activated macrophages (65-67). This 

triggers activation of the NLRP3 inflammasome which results in caspase-1 mediated 

cleavage of pro-IL-1b and pro-IL-18 into the active and secreted forms of these cytokines.  
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 These PRR pathways serve a semi-redundant and synergistic role in initiating the 

immune response to influenza. While on their own TLRs and RLRs are not required for 

viral control, survival or T cell mediated protection (56, 57, 60, 68), mice lacking NLRP3 

or caspase-1 experienced increased mortality compared to intact mice however saw no 

benefit in viral control (65, 69). This suggests that cleavage of pro-IL-1b and pro-IL-18 are 

crucial for survival yet independently TLR, RLR and NLR signaling have no direct impact 

on viral load. IL-1 assists dendritic cells (DC) in getting to the lung draining mediastinal 

lymph node (dLN) while IL-18 enhances IFNg production from responding CD8 T cells 

(56, 70). Type I interferons stimulate the expression of many genes that assist in the 

immune response, both by viral suppression in infected cells and signaling neighboring 

cells to join the fight. 

 These PRRs and associated signaling cascades, namely through IL-1, IL-6, IL-18 

and type I IFN, act to initiate the adaptive immune response. Influenza-specific antibody 

production from B cells begins with TLR7 activation (71-73). An important note is that 

whole inactivated vaccination, but not split or subunit vaccines, induces TLR7 activation 

and better protection (72). Implications for vaccine design will be discussed in more detail 

later. Alveolar macrophages and DC serve as a critical bridge between the innate and 

adaptive immune responses. Alveolar macrophages can become infected with influenza 

when they phagocytose influenza-infected dead and dying cells. Phagocytosis of these 

apoptotic bodies is required for viral control (74). DC are professional antigen presenting 

cells (APC) that prime CD4 and CD8 T cells in the dLN after picking up cellular debris 
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from infected lung and migrating to the secondary lymphoid organs to initiate these 

responses (14, 56, 75).  

 In the mouse, both B and T cells are capable of clearing influenza infection on their 

own (76-78). B cells accomplish this through the production of anti-influenza antibodies 

(78) while CD8 T cells kill infected cells and produce cytokines to fight infection (79, 80). 

Naïve CD4 T cells alone cannot clear virus well as they act in part by providing help to B 

cells (81). CD4 T cells have multiple roles in response to infection, such as helping B cells 

produce antibodies and direct cytotoxic function (6). CD4 T cells are also fewer in number 

compared to both B and CD8 cells. Interestingly, memory CD4 T cells can protect against 

influenza infection on their own (5), which sets them up as a great vaccine target to provide 

long-term protection with multiple mechanisms of action and to synergize with B cell 

antibody responses. 

B. T Cell Responses to Influenza 

 Activation of naïve T cells requires antigen recognition, costimulatory stimulation, 

and an inflammatory signal derived from cytokines. The innate immune response to 

influenza provides plenty of inflammatory cytokines that primes the adaptive immune 

response. Dendritic cells (DC) acquire influenza antigens through uptake of cellular debris 

and by direct infection (15, 82, 83) and migrate to the lung draining lymph node where the 

naïve CD4 and CD8 T cells reside. Antigens can also be exchanged between migratory 

DCs and lung resident DCs (84). These antigens are processed and presented on major 

histocompatibility complex class I (MHC-I) and class II (MHC-II) to CD8 and CD4 T cells 

respectively. CD103+ DC and respiratory CD11bhi DC are the primary drivers of CD4 and 
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CD8 T cell activation during influenza infection (85, 86). A naïve T cell becomes activated 

when its T cell receptor (TCR) binds to peptide-MHC (pMHC), in conjunction with signals 

from costimulatory molecules such as CD28. The cytokines in the environment can further 

tune the T cell response.  

To define what is necessary for generating immunity by either infection or vaccines, 

it is critical to understand these interactions and the kinetics of the primary T cell response 

to IAV. Both CD103+ and CD11bhi respiratory DC are responsible for early priming (86), 

up to 4 days post infection in the lung draining lymph node (dLN), while the CD11bhi DC 

peak at 5 dpi in the dLN and 7 dpi in the lung (87). By 4 dpi, IAV-specific T cells have 

undergone a few rounds of division in response to antigen (Ag) in the dLN and begin to 

migrate to the lung 5-6 dpi (88, 89). The number of T cells in the lung peaks at 8-9 dpi (89-

91). In our studies IAV viral titers peak day 2-3 and remain high until CD4 and CD8 

effector cells migrate to lung and clear infection, mostly by 7-10 dpi, with total clearance 

at 10-13 dpi (Figure 1.1). The sub-lethal doses of virus are cleared 10-13 dpi, although IAV 

Ag are detectable through 21 dpi (92).  

Cytotoxic effector CD8 T cells primarily function to kill IAV infected cells (93, 

94), although the loss of perforin or FAS-L on CD8s, two molecules required for 

cytotoxicity, does not impair the ability of these CD8s to clear infection in the absence of 

neutrophils, B cells, and other T cells (95). In response to IAV infection, CD4 T cells 

differentiate into multiple effector fates, including Th1, Th17, cytotoxic ThCTL, TFH, and 

TREG (6, 96-101). Although CD4 T cell help to CD8 cells is not required for efficient CD8 

effector function (95, 102), CD4 help to CD8 cells during priming is critical for the  
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Figure 1.1. Lung T cell kinetics in response to IAV infection 
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Figure 1.1. Lung T cell kinetics in response to IAV infection 

HA-specific T cells (CD4 and CD8) were transferred to BALB/c hosts and infected with 

a sub-lethal dose of PR8. Lung viral titers representing log10 of virus (right y axis) are 

plotted together with the relative cell number response (left y axis) of HA-specific CD4 

(red) and CD8 (purple) T cells in the lung.  

Figure adopted from: Swain, S. L., Dutton, R. W., & Woodland, D. L. (2004). T Cell 

Responses to Influenza Virus Infection: Effector and Memory Cells. Viral Immunology, 

17(2), 197–209. Creative Commons Attribution license.  
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formation of CD8 tissue resident memory (TRM) cells (3, 102). Other helper functions, such 

as CD4 effector IL-2 production, can influence IL-10 production from CD8s (103), while 

CD154 expressed by CD4 effectors interacts with CD40 on DC, which inhibits the TREG 

mediated suppression of IAV-specific CD8 effectors (104).  

 The CD4 effector response is dominated by Th1 cells in the spleen, dLN and lung, 

marked by T-bet and IFNg expression (91, 105, 106). The CD4 Th1 effectors in the lung 

mostly produce IFNg with some TNFa and almost no IL-2 production, while Th1 effectors 

in the secondary lymphoid organs (SLO), the dLN and spleen, can produce IFNg, TNFa 

an IL-2 (88, 91). Tissue restricted effectors (TRE) develop later in the response, 6-9 dpi, and 

require both signals from infection and late cognate Ag interaction (6, 96, 98). These 

pathways will be discussed in detail below, but briefly TFH take up residence in the SLO 

and provide help to germinal center (GC) B cells through IL-21 and IL-4 (1, 6, 107, 108), 

while ThCTL occupy the lung and kill infected targets through MHC-II Ag recognition 

and perforin-mediated cytotoxicity (96, 97).  

 Once the virus is cleared at 10-13 dpi both CD4 and CD8 T cell begin to contract 

to memory. About 10% of IAV-specific T effectors go on to become memory, while the 

remaining 90% are terminally differentiated and undergo default apoptosis. Although 

activation induced cell death (AICD) has been implicated in vitro (109, 110), its role in 

vivo in response to acute viral infection is negligible (111-113). This FAS-mediated cell 

death seems to play more of a role in chronic LCMV infection (114), superantigen 

stimulation (115) and following stimulation by very high levels of IL-2 (109, 110) but is 

unlikely to play a major role in T cell contraction to IAV infection. Programmed cell death 
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is another way in which effector T cells contract. In the absence of cytokine survival 

factors, effector T cells undergo default apoptosis. Mechanistic details will be discussed 

below, but the major survival cytokines are IL-2, IL-7 and IL-15 and this pathway is 

mediated by pro-apoptotic Bim and anti-apoptotic Bcl-2.  

 Following contraction, the T cells that have survived are characterized as memory 

cells, because they “remember” their previous Ag encounter and have undergone 

epigenetic changes that allows them to respond rapidly to future infections (116-119). 

Memory T cells essentially have been selected to survive through cognate Ag recognition, 

co-stimulatory molecule stimulation and signals from cytokines throughout the course of 

the immune response to a pathogen. As the reader will note, these three signals are also a 

requirement for naïve T cell activation. As logic follows, any T cell that receives these 

signals may have the potential to become memory. So why do almost all effector cells die 

while only a small subset, about 10% of effector T cells survive to memory? Here, it is 

important to mention the fallacy of composition. For example, if I attended a baseball game 

at Yankee Stadium and I was having a hard time seeing the field, I may stand up to have a 

better view. Therefore, in order to have a better view anyone can stand up to see the field 

better. However, this premise and extrapolation becomes false if everyone at Yankee 

Stadium stands, now the crowd collectively is back in the same position, with everyone at 

the same eye level.  

T cell memory development follows similar logic. Evolution has selected for the 

survival of enough memory cells to protect against future infection, while not blocking the 

view, so to speak, of other cells. There is a balance between the fraction of effector cells 
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that die off and those that survive to memory. Resources are scarce and generating and 

maintaining a memory T cell population requires time, space and energy. T cell memory 

formation strives for the Goldilocks scenario. If memory formation is “too cold,” the host 

will not be protected against future infection. If memory formation is “too hot,” those 

memory cells for that specific pathogen will take away resources, like energy, cytokines 

and space, from other memory cells or immune cells to other pathogens, and perhaps 

generate an over-aggressive secondary immune response causing excess pathology and 

potential tissue damage. Through evolution, the Goldilocks “just right” number of memory 

cells has been selected for. In my view, acute viral infections provide just the right amount 

of signals for the right amount of time and in the right place to generate ideal T cell memory 

populations. Therefore, using these systems to study how protective T cell memory forms 

can provide deep insights into the mechanisms of T cell memory development and the 

signals that separate terminal effector cells from those that survive to memory.  

 Following influenza infection, a heterogenous memory CD4 T cell population is 

established (120-122). These memory cells produce cytokines immediately in response to 

a new infection and respond more rapidly than naïve T cells, especially at the site of 

infection, which in the IAV setting is the lung (123). In response to new IAV infection, 

memory CD4 T cells provide a boost to innate immune cell inflammatory cytokine and 

chemokine production (124). The early and robust production of IFNg by memory CD4 T 

cells in response to IAV helps CD8 effector cells control viral load and fight infection (5). 

These memory CD4 T cells also enhance the anti-influenza antibody production of naïve 

B cells (5). Because memory CD4 T cells can enhance innate immune cell, CD8 T cell and 
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B cell secondary responses, they are potent protectors and a worthy target of vaccine 

design. 

C. T Cell Memory Subsets 

 The immunology research community really likes to subset different immune cell 

populations and memory cells are no different. The canonical T cell memory subsets are 

central memory (TCM), effector memory (TEM) and resident memory (TRM). Central 

memory cells are marked by expression of CD44, CD62L and CCR7 while effector 

memory cells are marked by CD44 expression and the lack or low expression of CD62L 

(125). As immunologists like to subset immune cell populations, several groups have 

studied the differences in TCM and TEM recall responses. However, there are conflicting 

reports regarding which memory population, TCM or TEM, provide essential protection. 

Some studies have found that CD4 TEM cells produce more IFNg and less IL-2 than their 

TCM counterparts (126, 127), while others found no difference in IFNg production (128). 

Regarding CD8 TCM and TEM, there are no differences in IFNg production (128-131), 

however conflicting reports argue that TEM are more cytotoxic than TCM (129, 131), or that 

there are no differences in cytotoxicity between the populations (128, 130). Others have 

proposed that this is a temporally controlled joint effort, in that TEM provide early support 

against infection, while TCM cells take over later in the response (132). The general 

paradigm is that central memory cells recirculate through the blood and lymph nodes, 

scanning for Ag recognition, while effector memory cells traffic through the blood, 

lymphoid and non-lymphoid tissues (133). It is interesting to note that with time, TEM have 
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been shown to give rise to TCM and that these subsets are more closely related than they are 

different (130). 

Tissue resident memory cells are marked by CD44 and CD69, and CD8 TRM 

express an additional marker CD103 (134, 135). Tissue resident memory cells reside in the 

tissue and do no re-circulate (136). These cells can also be identified by the lack of i.v. 

antibody labeling in memory experiments (137). Lung CD4 TRM can provide substantially 

better protection from lethal influenza infection compared to spleen CD4 memory (138). 

Additionally, effector CD4 T cells provide essential help to promote CD8 TRM formation 

(3, 4). In several other studies, T cell memory located in non-lymphoid tissues at the site 

of infection improve responses to viral (139-142), bacterial (143, 144), and parasite (145) 

infections. Immediate T cell memory responses at the site of infection are critical in 

defending the host against future infections. Understanding the mechanisms by which these 

memory cells are generated is critical to informing better vaccination strategies.  

D. Factors that Influence T Cell Memory 

Understanding the various and variable inputs that result in the survival of about 

10% of effector T cells and formation of stable memory is essential to inform future vaccine 

strategies. I will dive into T cell priming and the contributions of pMHC-TCR engagement 

in T cell effector differentiation below, but briefly, signals from priming are not enough to 

establish protective memory. There are additional signals required throughout the immune 

response that must occur in the right place and at the right time to promote effector T cell 

survival to memory and generate a memory population that is effective in protecting the 

host from future infections. The majority (~90%) of effector T cells die by default once the 
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influenza infection is cleared and here, I will outline what we know about this death process 

and the signals that promote the survival of T cell memory. 

As mentioned previously, activation induced cell death does not appear to play a 

major role in the death of effector T cells during contraction following an acute viral 

infection. Studying T cell contraction is complicated by the fact that genetic models 

knocking out apoptosis effector caspases 3 and 7 result in the death of the mice shortly 

after birth (146, 147). Genetic deletion of the pro-apoptotic molecule Bim results in an 

activated T cell population that does not contract following the clearance of viral infection 

(148, 149). The overexpression of the pro-survival molecule Bcl-2 results in the enhanced 

survival of effector T cells (150). The activation of naïve T cells results in the upregulation 

of many death pathways (151). There are several key cytokines that are required to 

overcome these death pathways and allow a small fraction of effector T cells to survive to 

memory. Signals from IL-2 (152), type I interferons (153) and IL-12 for CD8 cells (154) 

have all been implicated in the survival of effector T cells. Other cytokines IL-7 (155-159) 

and IL-15 (160-162) are important for the generation and homeostatic maintenance of 

memory T cells. Expression of CD127, the IL-7Ra, serves as a quintessential memory T 

cell maker (106, 163). Studying when and how these cytokine signals promote effector T 

cell survival to memory is complicated, as these signals do not exist in a vacuum and the 

often act in an additive process over time. In the following section, I will examine how 

peptide Ag at specific times during T cell differentiation may impact production of these 

cytokines or expression of their receptors and result in survival or death fate decisions. 

Cognate Antigen Impact on T Cells 
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A. Impact on Effector Differentiation 

 There are some key differences between CD8 and CD4 effector responses that arise 

from in vivo Ag withdrawal experiments. These experiments study the proliferation of 

naïve CD8 and CD4 T cells when Ag recognition is limited to the first 48 hr of the immune 

response. Removing cognate Ag from the system after 48 hr does not impair the number 

of Ag-specific effector CD8 T cells, however the number of Ag-specific effector CD4 T 

cells is dramatically reduced (164, 165). Another study showed that shortening the length 

of Ag presentation during priming does reduce the number, but not the function of effector 

CD8 T cells (166). Strong pMHC-TCR interactions during priming increase the 

proliferative capacity of CD8 T cells compared to weaker interactions (167). Others have 

shown that Ag persistence throughout priming is required for effector CD4 T cell responses 

(168). A potential explanation for this key difference between CD8 and CD4 cells is that 

the dominant effector CD8 T cell function is to kill infected cells, so the observation that a 

short duration of priming Ag recognition for 24-48 hours is sufficient to set these cells on 

“autopilot” to hunt for and kill infected cells fits with the dominant primary effector 

function of these cells. On the other hand, CD4 effector cells have a myriad of functions 

and differentiation pathways, and so additional cognate Ag signals are required to activate 

and sustain these complex pathways. From the perspective of evolution this also makes 

sense, as some immune response is warranted for short duration Ag encounter, but this may 

not pose a serious threat, so better to conserve resources and not risk potential auto-immune 

or unwanted tissue damage from an over-zealous T cell response to minimal Ag.  
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 At this point, it is important to define the strength of peptide-MHC engagement 

with TCR. The strength of these interactions are modulated by the biochemical affinity of 

peptide-MHC for the TCR and the density of peptide Ag loaded onto MHC molecules on 

the surface of the APC (169). So therefore, it follows that in order to modulate the strength 

of pMHC-TCR engagement experimentally one must either use the same peptide Ag 

pulsed on APC at different doses to modulate Ag density, use several peptide antigens with 

different binding affinities for the TCR, or use different TCRs for the same peptide Ag. It 

is well established that, notwithstanding the impact from polarizing cytokines, increased 

pMHC-TCR engagement of CD4 T cells favors Th1 over Th2 differentiation (170-172).  

Reports on how the strength of pMHC-TCR interactions influences TFH generation 

are less clear. Some have found that strong pMHC-TCR interactions favor TFH over Th1 

differentiation (173-175), while other studies have found the opposite (176, 177), or that 

peptide avidity controls Th1 but not TFH differentiation (178). Some suggest that increased 

pMHC-TCR dwell time, rather than the affinity of the interaction promote TFH over Th1 

differentiation (173, 179, 180). These differences may arise from the different experimental 

systems used, as the cumulative signals received by CD4 T cells from naïve through 

effector differentiation will undoubtedly be different under different infectious conditions, 

influencing the cytokine environment and APC activation status, as well as the amount of 

peptide Ag presented and the affinity of those peptides for TCR. Even pMHC-TCR signals 

during CD4 T cell development have the potential to shape peripheral CD4 T cell 

responses. Paul Allen’s group used two different CD4 TCR transgenics for the same 

affinity peptide Ag to show that even the same peptide Ag can elicit different responses 
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from CD4 T cells (181) and that this tonic signaling during development can shape the 

differentiation pattern of effector CD4 T cells, with lower tonic TCR triggering favoring 

TFH development while having no impact on Th1 formation (182). Using the influenza 

infection model, our lab has found that early day 6 effector CD4 T cells need both signals 

from infection and local Ag presentation at the tissue site of residence for tissue restricted 

effector development. For TFH differentiation, these early day 6 CD4 effectors need signals 

from infection and local Ag presentation in the spleen and dLN (98), while ThCTL 

differentiation requires both infection and local Ag recognition in the lung (183). These 

results highlight the complexity of CD4 T cell effector differentiation and how different 

systems produce conflicting results. The infectious context, timing, location, and strength 

of cognate Ag interactions all seem to play roles in effector T cell differentiation, which 

makes the case that the cumulative instructions from these signals are more important than 

any one of these signals taken out of context. 

B. Impact on Memory Formation and Recall Responses 

 Just as the impact of cognate Ag interactions on effector T cell differentiation is 

complicated and conflicting, so is the impact of cognate Ag signals on T cell memory 

formation and recall responses. While limiting Ag to the first 48 hours of naïve CD8 T cell 

activation had no impact on the number of effector cells generated, this Ag restriction 

reduced the number of both memory CD8 and CD4 cells, however the reduced number of 

memory cells still mount a potent secondary effector response (164, 166). There again are 

conflicting reports on whether high or low avidity pMHC-TCR interactions favor memory 

formation and recall responses. A single CD8 T cell clone has the potential to become both 
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terminal effector and memory cells (184, 185). Single CD4 T cell clones also have the 

potential to differentiate into both TFH and Th1 fates and terminal effector and memory 

cells (173, 179, 186). Even CD4 T cells stimulated by the same peptide Ag with equal 

affinity for TCR demonstrate different memory potential based on levels of tonic signaling 

during development (181, 187). Weak compared to strong pMHC-TCR interactions result 

in earlier contraction of effector CD8 T cells, however again demonstrate no difference in 

the number or recall capacity of these memory cells (167). Modulating the strength of TCR 

ligation through Ag dose reveals that CD8 memory develops in response to both high and 

low Ag dose (188, 189). There are others that suggest the increased responsiveness of 

memory compared to naïve CD8 T cells with the same TCR reflects an avidity maturation 

paradigm (190, 191) and this may highlight how both low and high affinity CD8 memory 

cells are equally competent secondary effectors. Some suggest that continual boosting of 

the memory population can select for an increase in CD8 TEM over TCM (192) while low 

compared to high affinity interactions drive a proportional increase in CD8 TRM formation 

over total spleen CD8 memory, however the greatest total number of TRM in the lung are 

in response to high affinity Ag (193). There is also evidence from the influenza system that 

prolonged Ag exposure to primary CD8 effector cells generates a memory population with 

enhanced proliferative capabilities and secondary effector functions (194, 195). 

 The generation of CD4 T cell memory is also controversial. As stated above, CD4. 

T cells require a longer duration of Ag presentation to promote effector differentiation 

(164, 165, 168). One report suggests that high avidity TCR interactions during priming 

promote CD4 memory generation through an increase in the pro-survival molecule Bcl-2 
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(196). Another study suggests that high affinity CD4 TCR interactions during priming 

favors terminal Th1 differentiation, while lower affinity interactions promote TFH 

differentiation and memory formation (197). The authors went on to show that low affinity 

interactions during priming correlated to lower levels of CD25 and T-bet expression, and 

increased survival (197). However, as with CD8 memory recall responses, both CD4 

memory populations arising from either high or low affinity interactions during priming, 

respond equally well to secondary challenge (197). Another group also found that early 

effector expression of CD25 was affinity dependent, with high affinity Ag stimulation 

during priming promoting greater CD25 expression on early CD4 effector cells (177). The 

logic follows that high affinity cognate Ag interactions during priming promote increased 

IL-2 production and CD25 expression (177, 197), and in turn, IL-2 signaling of early 

effector cells inhibits TFH generation (198), thus increasing Th1 effector differentiation. 

However, this group found no differences in the number of CD4 memory cells generated 

from priming with high or low affinity Ag (177). The recall response stemming from the 

CD4 memory cells primed with low affinity Ag was dominated by TFH secondary effectors 

while the recall response from the CD4 memory cells primed with high affinity Ag was 

dominated by Th1 secondary effectors (177). 

Since the impact of pMHC-TCR affinity during priming on CD4 T cell memory 

formation and recall responses is not quite clear, our lab has focused on how cognate Ag 

interactions during the effector phase of the response influences memory formation. Mice 

infected with influenza present a wide diversity of Ag epitopes to T cells, that reach very 

high levels soon after infection and that remain high until infection is cleared (52, 199). 
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Infection produces very strong CD4 T cell memory, suggesting that persistent high levels 

of Ag, including some epitopes with high affinity, may explain the high levels of memory 

generated by infection. In this thesis, we specifically analyze the impact of peptide avidity 

for TCR at the effector phase, when both viral levels and CD4 effectors have peaked, and 

when CD4 effectors that fail to recognize Ag undergo contraction (200, 201). We ask if 

high compared with low affinity Ag drives generation of more CD4 memory cells that 

provide superior protection. Previously, our lab showed that CD4 effectors generated in 

situ by IAV infection need to recognize Ag during the effector phase, 5-8 days post 

infection (dpi), to become memory cells (200, 201). We call this temporal cognate Ag 

requirement the effector checkpoint because the CD4 effector cells must engage in a second 

cognate interaction and produce autocrine IL-2, which prevents their apoptosis, enabling 

their transition to memory (200-202). We ask here if the strength of pMHC-TCR 

interaction plays a decisive role in driving CD4 effectors to memory.  

To study the impact of peptide avidity at this crucial juncture, we developed a TCR 

Tg mouse (FluNP) specific for NP311-325, an immunodominant, highly conserved, IAV 

nucleoprotein (NP) epitope in B6 mice (199). We made a truncation and single amino acid 

substitutions to generate a library of NP311 peptides with a spectrum of functional avidities 

for the FluNP TCR, as measured by naïve FluNP cell activation following stimulation by 

NP peptide pulsed APC. We generated in vivo effectors from naïve CD4 FluNP cells by 

IAV infection in a first (1st) host, isolated 6 dpi donor FluNP effector cells and co-

transferred them to a second (2nd) host (200) with peptides from a panel spanning high to 

low avidity for the FluNP TCR, as the only source of Ag.  
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 We find that higher avidity Ag at day 6 (6d) of the CD4 effector response promotes 

a far larger CD4 memory population in the lung and dLN, and this leads to better protection. 

The peptide affinity and dose used to pulse APC determines the level of IL-2 produced by 

6 day effectors, and levels of IL-2 correlate with prevention of default apoptosis, effector 

cell survival and development of memory (201). CD25, the high affinity IL-2 receptor (IL-

2Ra), is not expressed on 6 day CD4 effectors, but is highly upregulated on APC in IAV-

infected mice during the effector checkpoint, 4-8 dpi. Holding the peptide Ag constant, 

APC expressing CD25 generated higher numbers of CD4 T cell memory than CD25 

deficient APC. We propose that IL-2Ra expression on APC acts in concert with IL-2Rb/g 

on the effector CD4 cells, to enhance local IL-2 signaling. We suggest at the effector phase, 

the level of IL-2 production, determined by peptide affinity, and efficacy of the response 

to autocrine IL-2, are the dominant pathways that regulate the size of the memory CD4 

population and the extent of protection. We discuss the implications of this requirement for 

high peptide affinity at the effector stage for vaccine design with a focus on kinetics, Ag 

breadth and adjuvants that activate APC. 
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CHAPTER II: Materials and Methods 

 

Mice 

We use 8-12 wk old C57BL/6 (B6) mice as hosts in all experiments. Naive CD4 T cells 

are isolated from B6.FluNP strains, including B6.FluNP.Thy1.1+/- and 

B6.FluNP.Nr4a1EGFP.Thy1.1+/-. The B6.Nr4a1 EGFP developed by Kris Hogquist and Steve 

Jameson (203) were from Jackson Laboratories. B6.FluNP TCR Tg mice were generated 

in collaboration with Eric Huseby’s Laboratory at UMMS. Briefly, B6 mice were infected 

with a sub-lethal dose of PR8 (0.3 LD50) and at 21 dpi, 2 x 107 spleen and lung draining 

lymph node (dLN) cells were isolated and stimulated in vitro with irradiated spleen cells 

loaded with 100 ug/ml NP311-325 peptide. After 5 days, responding T cells were fused with 

BW5147 to generate T cell hybridomas (204). T cell hybridomas with reactivity to NP311-

325 peptide, presented by lung APC from IAV-infected mice (A/PR8/34)-infected mice, 

were expanded. TCR Vb-chains were identified by staining with a set of Vb-specific Abs 

(BD Biosciences), and the TCRa-chains were identified by PCR analysis using a panel of 

TCR Va primers that collectively amplify all TCR V� gene families. We choose a 

hybridoma with Va4.2 and Vb2.1. A TCR Tg plasmid was made using cloned rearranged 

cDNAs for 22.B6 TCR Va4.2 and Vb2.1. Cloned products were fused with full length 

TCR Ca and Cb sequences (205). All the TCR genes were sequenced, and error-free full-

length cDNAs were subcloned into the human CD2 promoter transgene cassette for T cell–

specific expression (206). B6.FluNP were established by injecting C57BL/6 oocytes with 

the TCR-Tg plasmid. BMDC were derived from B6 or B6.129S4-Il2ratm1Dw/J 
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(CD25KO) mice obtained from The Jackson Laboratory and bred at UMMS breading 

facility. Mice used in experiments were 8-12 wk of age. The Institutional Animal 

Care and Use Committee of UMMS approved all animal procedures.  

 

Virus Stocks and Infections 

Mice were anesthetized with either isoflurane (Piramal Healthcare) or ketamine/xylazine 

(at a dose of 25/2.5 mg/kg by i.p. injection) before i.n. infection with 50 µl of influenza 

virus diluted in PBS corresponding to a 0.2 to 0.3 (sub-lethal) medial lethal dose (LD50) 

for response, 2LD50 for weight loss, and 4LD50 for survival. Influenza virus A/Puerto 

Rico/8/34 (PR8, H1N1), originally from St. Jude Children’s Hospital, was from our stocks 

grown and maintained at the Trudeau Institute. The virus was also characterized by its 

ability to infect eggs, and we found 2LD50 corresponds about 10,000 EID50. Our standard 

dose sub-lethal 0.3LD50, corresponding to 25 PFU.  

 

NP Peptide Generation 

In collaboration with Lawrence Stern’s Laboratory at UMMS, we modified the NP311-325 

peptide to produce peptides of shorter lengths by deletions of amino acids (aa) on both ends 

to determine the best length. We used single alanine substitutions to determine the peptide-

I-Ab binding frame (P1=Y), then selective aa side-chain modifications, at known peptide-

TCR contact positions to generate peptides likely to have lower affinities. Peptide-I-Ab 

IC50 was determined with surface plasmon resonance (SPR) using a BIAcore 3000. SPR 

analysis was performed using a BIAcore 3000 instrument (Cytiva). Briefly, biotinylated, 
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peptide exchanged MHCs were immobilized on a streptavidin chip. For the TCR, the 

FluNP TCR sequence was cloned into the pCDH lentiviral expression vector with a P2A 

site separating the alpha and beta chains. This construct was used to generate stable lines 

in 293S GnTI cells. TCR was then purified from supernatant with a nickel-NTA column 

and subsequent size exclusion. Recombinant FluNP TCR was then passed over at 

increasing concentrations. A5 was used as a negative control and the signal from this flow 

cell was subtracted from those of experimental flow cells. The resulting data points were 

plotted and fitted to hyperbolas to derive KDs.  

 

BMDC Generation and Peptide/APC Preparation. 

APC were generated as in (200, 207) BM was harvested from B6 or CD25KO mice, 

washed with RPMI 1640, 1% FBS and cells plated at107 cells/mL in RPMI with 10% FBS 

and 10 ng/mL GM-CSF. After 7d, CD11c+ BMDC were isolated via MACS and activated 

with polyinosinic-polycytidylic acid (PolyI:C) at 10 µg/mL overnight in culture or use as 

APC. APC were pulsed with a standard concentration of 100 µM or dilutions thereof, of 

each of a chosen panel of NP peptides. For in vivo experiments pulsing was at 37°C for 1hr 

with shaking, APC were washed 3x, resuspended in PBS, and 1 x 106 cells injected i.v. per 

mouse. 

 

Splenic APC Preparation and In Vitro Culture 

Spleen cells were harvested from uninfected B6 mice. Thy1.2+ cells were depleted using 

MACS beads. The Thy1.2-depleted fraction was then plated at 3x106 cells/ml in RPMI 
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containing 7.5% FBS and 10ng/ml LPS and 10ng/ml dextran sulfate. After 2 days in 

culture, these activated APC enriched cells were harvested and pulsed with a standard 

concentration of 100 µM or dilutions thereof, of each of a chosen panel of NP peptides at 

37°C for 1hr with shaking. APC were washed 3x and resuspended in appropriate media for 

cell culture or PBS for in vivo transfer. 

 

Sequential Transfer Model 

We closely followed the model we developed previously (200). Spleens and peripheral 

lymph nodes (LN) were collected from B6.FluNP.Thy1.1+/- mice. Naïve CD4 cells were 

isolated via negative selection with CD4 MACS (Miltenyi Biotec and washed 3x, 

resuspended in PBS. 0.5-1 x 106 naïve CD4 cells were transferred via i.v. injection into B6 

1st hosts. 1st hosts were infected with a sub-lethal dose of PR8 the same day. Donor CD4 

effectors were re-isolated from the 1st hosts at 6 dpi. Single cell suspensions were prepared 

from pooled spleen and dLN and donor FluNP cells were isolated via Thy1.1 positive 

selection by MACS (Miltenyi Biotec). Cells were resuspended in PBS and 1.5 x 106 donor 

FluNP cells per mouse injected into 2nd B6 hosts i.v., along with Ag/APC (peptide-pulsed). 

To maintain effector phenotype all steps were conducted at room temperature, except for 

one 15 min incubation at 4°C. This minimal protocol, without sorting, ensures that effector 

cells are only out of mice for a maximum of 2.5 hours 

 

In Vitro Culture of Naïve and 6 dpi effector FluNP CD4 T cells.  
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To assess functional avidity of peptides, we compared their ability to induce responses of 

FluNP naïve CD4 T cells, isolated as described above (sequential transfer model). 

Following isolation of naïve or 6d FluNP effectors and generation of Ag/APC, cells in 

complete RPMI 1640 media were plated at a CD4 T:APC ratio of 5:1. Following 2d in 

culture, plates were centrifuged, supernatant was removed for cytokine protein analysis via 

ELISA and cell pellets were stained for FACS analysis. 

 

ELISA 

Supernatants were collected from in vitro culture. Plates (Nunc) were coated overnight 

with capture antibody (ELISAmax Biolegend). The following day plates were blocked 

following the manufacturer’s protocol and supernatants were added neat, or diluted 1:10, 

1:100, 1:1000 and left at 4°C overnight. The following day plates were washed, and 

detection protocol was followed per manufacturer’s protocol.  

 

Quantitative PCR (qPCR) 

Expression levels of several genes were analyzed using real-time, quantitative PCR as a 

validation of FACS experiments. Following 2d in culture, FluNP cells were isolated, 

RNA extracted using a RNeasy kit (Qiagen) and cDNA generated using TaqMan reverse 

transcriptase (Applied Biosystems). All qPCR reactions were performed using the 

CFX96 real-time system (BIO-RAD) and the amplifications were done using the SYBR 

Green PCR Master Mix (Applied Biosystems). The experiments were carried out in 

duplicate for each data point. The relative quantification in gene expression was 
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determined using the 2-DDCT method. Using this method, we obtained the fold changes in 

gene expression normalized to an internal control gene, Beta-actin.  

 

Flow Cytometry and Cytokine Staining 

Cells were harvested, passed through a 70 µm cell strainer and stained in FACS buffer 

(0.5% Bovine Serum Albumin, 0.01% sodium azide (Sigma Aldrich) in PBS. Cells were 

blocked with anti-FcR (2.4G2) and stained with amine reactive viability dyes (Invitrogen) 

to exclude dead cells. Surface proteins were stained with fluorochrome conjugated 

antibodies at 4°C. Antibodies used included anti: CD4 (GK1.5 and RM), CD44 (IM7), 

CD90.1 (OX-7 and HIS51), CD11c, CD25, CD62L, CD69, CD80, CD86, CD122, CD132, 

CD185 (CXCR5, SPRCL5), NKG2A/C/E, MHCII (I-Ab). For CD127 staining, anti-

CD127-Biotin was included in the surface stain mixture, cells were washed 3x, and a 

secondary fluorochrome conjugated SA was used in the second step. For cytokine staining, 

total splenocytes were stimulated with 10 µM of NP311-325 for 6 hr at 37°C. Brefeldin A (10 

µg/mL) was added after 1 hr of stimulation. Following surface staining, cells were fixed in 

2% paraformaldehyde for 20 min and permeabilized with 0.1% saponin buffer (1% FBS, 

0.1% NaN3 and 0.1% saponin in PBS (Sigma Aldrich) for 15 min. Subsequent staining for 

cytokines using the following antibodies: anti-IFNg (XMG1.2), anti-TNFa (MP6-XT22), 

anti-IL-2, anti-IL-17. For transcription factor staining cells were first surface stained then 

fixed and permeabilized using FoxP3 fix/perm kit (eBioscience) overnight per 

manufacturer’s protocol and stained with the following antibodies: anti-BCL-6 (K112-91), 

anti-FoxP3, anti-T-bet at 4°C for 1 hour. Antibodies obtained from BD Bioscience, 



 39 

Biolegend and eBiosceince. Stained cells were acquired on a BD LSRII flow cytometer 

and analyzed using FlowJo analysis software.  

 

Statistical Analysis  

Groups of at 3-5 mice were used in all experiments, and exact conditions repeated to obtain 

sufficient statistical power. All experiments shown were repeated 2-3 or more times. For 

statistical analysis an unpaired, two-tailed independent t test was used. All analysis was 

performed using GraphPad’s Prism.  
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CHAPTER III: Peptide Avidity for TCR on CD4 and CD8 Effectors Determines the 

Extent of Memory Generation 

Introduction 

 Studying the impact of pMHC-TCR interactions on the development of T cell 

memory poses a multitude of challenges. There are two main approaches to address this 

question. The first is to study the endogenous polyclonal T cell response using MHC-I or 

MHC-II tetramers for known immunodominant epitopes. This system is quite 

physiologically relevant, as no donor cell transfers are required, and naïve T cell precursor 

frequencies start at physiological levels. However, manipulating this system is quite 

challenging and limits studies to the detection of very small memory T cell populations 

that are very difficult to identify and analyze. The second approach utilizes a TC transgenic 

(tg) system in which naïve T cells all express the same TCR for the same peptide Ag. This 

allows the researcher to study the response of a homogeneous starting T cell population to 

a known Ag. The most popular TCR tg systems are the CD8 OT-I and CD4 OT-II systems. 

These T cells recognize specific peptide Ag from the ovalbumin (OVA) protein. Several 

infection and auto-immune systems have been developed to incorporate these systems and 

provide great insight into the T cell response. However, this system also has its flaws. First, 

these antigens are not derived from infectious agents and the affinity of each TCR for their 

respective OVA proteins are above physiological levels. The second applies more broadly 

to TCR tg systems, in that many donor naïve TCR tg cells must be transferred to the 

recipient host in order to have enough cells to track throughout the immune response, and 
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this starting population is much larger (105-106) than a physiologic number of naïve T cells 

for a specific epitope (101-102).  

 In my view, many of the conflicting reports regarding how peptide avidity for TCR 

influences effector and memory differentiation is due to the differences in the systems used 

to study these outcomes. There are three key derivatives to this pMHC-TCR interaction 

and resulting T cell differentiation puzzle. The first is the biochemical binding affinity of 

one pMHC molecule for the TCR. We like this type of data because we can measure the 

strength of this interaction as a KD and study the dynamics of this interaction with on and 

off rates. The second derivative is how these interactions happen in the context of cell-to-

cell interactions space. We call this peptide avidity, as it is a measure of multiple pMHC-

TCR interactions that occur at the immunological synapse between APC and T cell in 

three-dimensional space. Peptide avidity is multi-factorial as it accounts for the summation 

of multiple pMHC-TCR interactions (affinity), considers the density of Ag loaded onto 

MHC (dose) and the dwell time which measures how long the TCR on the T cell engages 

with pMHC on the APC. We use T cell outcomes, such as naïve T cell activation, effector 

T cell cytokine production and memory T cell number recovery to measure functional 

avidity by changing the summation of multiple pMHC-TCR affinity interactions with 

altered peptides pulsed on APC at the same dose as a functional indicator. The third 

derivative is time or kinetics. We must consider when the T cell-APC interactions occur; 

during the priming of naïve cells, continued activation of effector cells, or re-stimulation 

of resting memory cells. These are only the considerations for the pMHC-TCR interaction 

and there are several other variables, such as the location these interactions occur, the 
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activation status of the APC and resulting co-stimulatory interactions between the T cell 

and APC, and the cytokines produced by the T cell and/or APC and therefore the resulting 

pro- or anti-inflammatory environment in which these interactions occur. Given all these 

variables, it is no wonder there are conflicting reports on how pMHC-TCR interactions 

from various systems influences effector and memory T cell outcomes. 

Validation of the CD4 FluNP TCR transgenic system. 

To solve the TCR tg problem, we generated a B6 TCR tg mouse specific for an 

immunodominant NP core protein epitope, NP311-325, from the internal nucleoprotein (NP) 

of influenza PR8/34 (H1N1) presented by I-Ab (MHC-II). This epitope is conserved among 

all dominant outbreak strains of IAV in people (199). The mouse was created by selecting 

T cell hybridomas specific for NP311-325 from IAV-infected mice (204-206). We call the 

mouse FluNP. To my knowledge, this is the first CD4 TCR tg system specific for a specific 

influenza shared core protein Ag. This allows us to study the response of an 

immunodominant CD4 T cell clone and manipulate the system to ask fundamental 

questions.  

We generated B6.FluNP.Thy1.1/Thy1.2 mice so we could readily detect donor 

FluNP cells after transfer to new hosts using Thy1.1 expression. To evaluate whether IAV 

induces a comparable response of the donor FluNP cells and polyclonal host CD4 T cells, 

we transferred naïve FluNP CD4 T cells into hosts and infected with a sub-lethal dose of 

PR8/34, an influenza A virus (IAV). We compared the kinetics of donor FluNP TCR Tg 

and endogenous host (CD4+ CD44hi) T cell responses 4, 6, 8, 12, 21 and 63 days post 

infection (dpi) in the lung (Figure 3.1), draining mediastinal lymph node (dLN) and spleen 
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(Figure 3.2). IAV infection induced a similar pattern of expansion and contraction of donor 

FluNP and host CD4 T cells in the lung (Figure 3.1), spleen and dLN (Figure 3.2). To 

evaluate the subsets of CD4 effectors generated, we compared donor and host CD4 

 
Figure 3.1. Lung kinetics of donor FluNP and host CD4, CD44hi cells in 
response to IAV 
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Figure 3.1. Lung kinetics of donor FluNP and host CD4, CD44hi cells in 
response to IAV 
 
Naïve FluNP.Thy1.1+/- cells were transferred to B6 hosts, then infected with a sub-lethal 

dose of PR8. Lungs were collected at 4, 6, 8, 12, 21 and 63 dpi and numbers of donor 

FluNP and responding host CD4+, CD44hi cells were determined by FACS. Days 4, 6, 8, 

21, 63 Pooled data, n = 9-10, two experiments. Day 12 one experiment n = 5. Mean +/- 

SEM.  
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Figure 3.2. Secondary lymphoid organ kinetics of donor FluNP in response 
to IAV 
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Figure 3.2. Secondary lymphoid organ kinetics of donor FluNP in response 
to IAV  
 
Naïve FluNP.Thy1.1+/- cells were transferred to B6 hosts, that were then infected with a 

sub-lethal dose of PR8. Kinetics of FluNP Response (SLO) Lung draining lymph node 

(dLN) and spleen were collected at 4, 6, 8, 12, 21 and 63 dpi and the number of donor 

FluNP cells determined in each mouse by FACS analysis. Days 4, 6, 8, 21, 63 Pooled 

data, n = 9-10, two experiments. Day 12 one experiment n = 5. Mean  
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effectors at 8 dpi by examining cytokine production and phenotype markers: Th1 (T-bet, 

IFNg, TNFa, IL-2), Triple cytokine producers (IFNg, TNFa, IL-2), Th17 (IL-17), and TREG 

(FoxP3). We used NKG2A/C/E expression to detect cytotoxic CD4 (ThCTL), found only 

in the lung (96), and CXCR5 and Bcl-6 co-expression markers for TFH in the spleen (98). 

Both donor and host responses in the lung were dominated by Th1 phenotype cells (105, 

106, 208), with high expression of T-bet (Figure 3.3A, E), IFNg and TNFa (Figure 3.3B, 

E), and little expression of IL-17 or FoxP3 (Figure 3.3B-C, E). Only a small fraction, less 

than 25%, of donor and host cells express IL-2 in the lung (Fig 3.3B, E) or are triple 

cytokine (IFNg, TNFa, IL-2) producers (Figure 3.3E). ThCTL were found in both at 

similar proportions (Figure 3.3D-E).  

In the spleen, donor and host subset patterns were also similar. Both donor FluNP 

and responding host CD4 cells at 8 dpi in the spleen expressed similar levels of T-bet 

(Figure 3.4A, E) and IFNg (Figure 3.4 B, E), and at lower levels than seen in the lung 

(Figure 3.3E), as expected. A lager fraction, about 75%, of both donor and host cells 

expressed TNFa (Figure 3.3B, E), while about half of both populations expressed IL-2 

(Figure 3.3B, E) at 8 dpi in the spleen. About one-quarter of both donor and host cells were 

triple cytokine producers in the spleen (Figure 3.4E), slightly greater than in the lung 

(Figure 3.3E). We note that the donor FluNP effector cells made more IFNg in the lung 

(Fig 3.3E) and more TNFa and IL-2 in the spleen (Fig 3.4E) compared to the endogenous 

host cells. Perhaps these subtle differences in cytokine expression reflect a difference in 

collective TCR affinity between the homogenous FluNP cells and the heterogeneous  
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Figure 3.3. Day 8 lung donor FluNP and host CD4, CD44hi effector 
phenotype and function 
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Figure 3.3. Day 8 lung donor FluNP and host CD4, CD44hi effector 
phenotype and function 
 
(A-E) Naïve FluNP.Thy1.1+/- cells were transferred to B6 hosts, then infected with a sub-

lethal dose of PR8. Lungs were collected at 4, 6, 8, 12, 21 and 63 dpi and percent 

expression of effector markers on donor FluNP and responding host CD4+, CD44hi cells 

were determined by surface or ICCS FACS. (A-D) Representative FACS plots for 

effector subset analysis (8 dpi) gated on lung donor FluNP and responding host CD4+, 

CD44hi cells: (A) T-bet+ CD44+, (B) cytokines (IFNg+, TNFa+, IL-2+, IL-17+), (C) 

NKG2A/C/E+ CD44+, and (D) FoxP3+ CD44+. (E) Expression of markers associated with 

subsets of CD4 effectors were analyzed at 8 dpi in lung: Th1 (T-Bet+, IL-2+, IFNg+, 

TNFa+), Triple positive (IL-2+, IFNg+, TNFa+), Th17 (IL-17+), Treg (FoxP3+) and lung 

ThCTL (NKG2A/C/E). Day 8 Pooled data, n = 9-10, two experiments. Statistical 

significance determined by two-tailed independent t test (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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Figure 3.4. Day 8 spleen donor FluNP and host CD4, CD44hi effector 
phenotype and function  
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Figure 3.4. Day 8 spleen donor FluNP and host CD4, CD44hi effector 
phenotype and function 
 
(A-E) Naïve FluNP.Thy1.1+/- cells were transferred to B6 hosts, then infected with a sub-

lethal dose of PR8. Spleens were collected at 4, 6, 8, 12, 21 and 63 dpi and percent 

expression of effector markers on donor FluNP and responding host CD4+, CD44hi cells 

were determined by surface or ICCS FACS. (A-D) Representative FACS plots for 

effector subset analysis (8 dpi) gated on lung donor FluNP and responding host CD4+, 

CD44hi cells: (A) T-bet+ CD44+, (B) cytokines (IFNg+, TNFa+, IL-2+, IL-17+), (C) spleen 

TFH (CXCR5+, BCL-6+), and (D) FoxP3+ CD44+. (E) Expression of markers associated 

with subsets of CD4 effectors were analyzed at 8 dpi in spleen: Th1 (T-Bet+, IL-2+, 

IFNg+, TNFa+), Triple positive (IL-2+, IFNg+, TNFa+), Th17 (IL-17+), Treg (FoxP3+) 

and spleen TFH (CXCR5+, BCL-6+). Day 8 Pooled data, n = 9-10, two experiments. 

Statistical significance determined by two-tailed independent t test (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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responding polyclonal host CD4s. Overall, the effector responses of donor monoclonal 

FluNP and host polyclonal CD4 to IAV were comparable. 

We examined memory populations at 21 dpi, focusing on phenotypically distinct 

memory subsets: central memory TCM (CD127+ CD44+ CD62L+), effector memory TEM 

(CD127+ CD44+ CD62L-) in the spleen, and resident memory TRM (CD44+ CD69+) in the 

lung. We found slightly more FluNP TRM in the lung on day 21 (Figure 3.5A, E), while the 

fraction of both donor and host spleen TCM and TEM were equivalent (Figure 3.5C, E). Both 

memory donor and host cells expressed high levels of the canonical CD4 memory marker 

CD127 (~75%) in all tissues (Figure 3.5B, E), although a slightly higher fraction of donor 

cells expressed CD127 in the lung compared to the host. These nuanced differences in lung 

memory may reflect that the FluNP cells have a greater propensity to take up residence in 

the lung compared to the polyclonal host CD4 memory and again may reflect a difference 

in collective TCR affinity between the homogenous FluNP cells and the heterogeneous 

responding polyclonal host CD4.  

Taken together, the kinetics, effector response, and memory formation of the CD4 

FluNP cells very closely mimics the endogenous polyclonal host CD4 response to IAV. 

These data support the suitability of this model to investigate the impact of peptide avidity 

on memory generation. 

Establishment of the NP peptide binding frame and affinity of NP peptides for I-Ab 

To study the role of peptide avidity, we generated a series of NP peptides with 

single amino acid (aa) substitutions that sample a broad range of abilities to stimulate the 

naïve FluNP response when pulsed on B6-derived activated APC. We sought to identify  



 53 

Figure 3.5. Day 21 donor FluNP and host CD4, CD44hi spleen, dLN and lung 
memory subsets: tissue resident memory (TRM), effector memory (TEM) and 
central memory (TCM) 
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Figure 3.5. Day 21 donor FluNP and host CD4, CD44hi spleen, dLN and lung 
memory subsets: tissue resident memory (TRM), effector memory (TEM) and 
central memory (TCM) 
 
(A-E) Phenotyping of memory subsets (21 dpi). Naïve FluNP.Thy1.1+/- cells were 

transferred to B6 hosts, then infected with a sub-lethal dose of PR8. dLN, lung and spleen 

were collected at 21 dpi and percent expression of memory markers on donor FluNP and 

responding host CD4+, CD44hi cells was determined by FACS. Representative FACS 

plots gated on donor FluNP and responding host CD4+, CD44hi cells: (A) Lung CD69+ 

CD44+ and (B) Spleen CD44+ CD127+. (C) Representative CD62L FACS plots gated on 

day 21 spleen donor FluNP, CD44hi, CD127+ and host CD4+, CD44hi, CD127+. (D) 

Percent CD127 of CD44hi donor FluNP and responding host CD4+, CD44hi cells in dLN, 

lung and spleen. (E) Memory CD4 subsets were analyzed at 21 dpi: lung TRM (CD69+), 

spleen TEM (CD127+ CD44+ CD62L-) and spleen TCM (CD127+ CD44+ CD62L+). Day 21 

Pooled data, n = 7, two experiments, mean +/- SEM. Statistical significance determined 

by two-tailed independent t test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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substitutions that altered TCR interaction while maintaining tight peptide-MHC 

interaction. First, we identified the I-Ab binding frame by scanning partially overlapping 

11-residue peptides that cover the full NP311-325 peptide for I-Ab binding, using a 

fluorescent peptide competition binding assay and purified recombinant I-Ab carrying a 

cleavable linker peptide (209). I-Ab binding was substantially reduced for NP313-323 and lost 

completely for NP314-324, (Figure 3.6A) suggesting that Y313 occupied the key P1 position 

in the I-Ab binding site (210, 211). We confirmed this using alanine-scanning mutagenesis, 

revealing Y313 as the only position where I-Ab binding was substantially affected (Figure 

3.6A). To identify peptides that modulate TCR interaction, we introduced other 

substitutions in addition to alanine at the predicted TCR contact positions P2 (SeràGln), 

P5 (ArgàLys), and P7 (GluàGln). Some of these substitutions caused moderate 

reductions in peptide-MHC binding, up to 3.4 for Q2 (Figure 3.6A).  

NP peptide affinity and biological avidity for FluNP TCR 

To evaluate the effect of these substitutions on FluNP TCR interaction independent 

of peptide-MHC effects, we measured pMHC-TCR binding using a surface plasmon 

resonance (BIAcore) assay with streptavidin-immobilized biotinylated I-Ab-peptide 

complexes and recombinant soluble FluNP TCR (Figure 3.6B). FluNP TCR bound to I-Ab 

carrying the parent NP311-325 peptide or truncated NP311-322 (NPT) with high affinity (KD ~ 

3uM) (Figure 3.6B). The other substitutions at predicted TCR contact position caused 

reductions in pMHC-TCR affinity ranging from ~20-fold (for A7) to >150-fold (for Q7). 

The A5 substitution abrogated detectable binding.  
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Figure 3.6. NP peptide binding affinity for I-Ab and FluNP TCR 
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Figure 3.6. NP peptide binding affinity for I-Ab and FluNP TCR 

(A) Peptide name, aa sequence (P1=Y, mutations in red) and the I-Ab binding affinities of 

the NP311-325 length variants and mutants were experimentally determined to identify the 

I-Ab binding frame. The reciprocal of the IC50 is shown. (B) Maximal response for a 

given TCR concentration was plotted for each peptide-MHC complex and nonlinear fits 

were generated using the equation Y=Bmax*X/(KD + X). The fit was constrained to share 

a consistent Bmax and yield a KD value of <500. The resulting KD values are shown in 

μM with 95% confidence intervals.  

Experiments conducted by Padma P. Nanaware and Grant C. Weaver (Lawrence J. Stern 

Laboratory). 
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To rank the substituted NP peptides by their ability to stimulate a biological FluNP 

response (functional avidity), we loaded bone marrow derived dendritic cells (BMDC) with 

peptides over a broad dose range and evaluated how well they stimulated naïve 

FluNP.Thy1.1+/-.Nurr77eGFP+/- cells in vitro. After 2d, we assessed induction of key markers 

associated with naïve T cell activation and early responses: CD69 (Figure 3.7A), CD25 

(IL-2Ra) (Figure 3.7B) and Nurr77 (Figure 3.7C). By all three assays, FluNP CD4 T cells 

responded in a dose and affinity dependent manner. Thus, we could confidently rank the 

relative avidity of the peptide-MHC-II complex on APC for the FluNP TCR on the CD4 T 

cells. We classify the NPT & NP311-325 as high avidity, A7 & K5 as medium (mid) avidity, 

Q2 & Q7 as low avidity, and A5 and unpulsed BMDC as negative controls (neg). In each 

assay, the high peptides (NP311 and NPT) induce peak responses at doses 100-fold lower 

than the middle peptides (A7, K5), and the low peptides (Q2, Q7) require 10 times the dose 

as the two middle peptides (Figure 3.7).  

From here on, we use a high dose of 10-4 M to pulse APC, to minimize the 

contribution of peptide density and maximize the contribution of pMHC-TCR affinity. At 

this concentration, all 6 peptides (NPT, NP311-325, A7, K5, Q2, Q7) stimulate a measurable 

FluNP naïve CD4 T cell response. This gives us a panel of peptides, that when presented 

by MHC-II (I-Ab)  on APC, span a broad range of avidity for the FluNP TCR. 

Peptide avidity at the effector phase determines the number of memory cells 

We evaluated the impact of peptide avidity on in vivo memory generation using a 

sequential adoptive transfer model, developed previously (200). The APC are short-lived 

and present Ag for only 48-72h (200), defining the discrete checkpoint of Ag recognition.  
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Figure 3.7. Functional avidity of NP peptides measured by naïve FluNP 
activation 
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Figure 3.7. Functional avidity of NP peptides measured by naïve FluNP 
activation 
 
(A-C) Naïve FluNP CD4 T cells were co-cultured with BMDC pulsed with each of the 

NP peptides for 2d in vitro. Induction of markers functionally associated with TCR signal 

strength was measured. (A) CD69; (B) CD25; and (C) Nur77. Top histograms display 

level of marker expression following stimulation with Ag/APC pulsed at 10-4 M. Bottom 

displays dose response curve to a broad range of peptide concentrations used to pulse 

APC. The rank of peptide functional avidity is shown on right. Pooled data, n = 6, two 

experiments, mean +/- SEM (% of FluNP). 
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To further validate our system, we utilized the sequential transfer model to compare the 

number of FluNP memory cells generated from high avidity peptide/APC stimulation at 

the effector phase to the number of FluNP memory cells generated from IAV infection. To 

do this, we transferred 5x105-1x106 naïve FluNP.Thy1.1+/- cells into B6 hosts and infected 

them with a sub-lethal (0.3LD50) dose of PR8. We then isolated 6 dpi FluNP effectors and 

transferred them into either 6 dpi PR8 infection matched hosts, or into uninfected hosts 

along with a panel including high, mid and low avidity NP peptides pulsed on  activated 

APC and enumerated the number of day 21 memory FluNP cells in the spleen, dLN and 

lung of second hosts. We first analyzed the response to the high affinity NPT/APC 

compared to transfer into PR8 infection matched hosts without Ag/APC (Figure 3.8A). At 

21 dpi, NPT/APC stimulated FluNP effectors produced as many memory cells in spleen 

and lung and only slightly fewer in dLN as did PR8 infection (Figure 3.8B). Thus, a high 

avidity peptide/APC generates an equivalent number of memory cells from effectors as 

does IAV infection here (Figure 3.8B), and as seen in an equivalent model using OT-II Tg 

CD4 T cells responding to either Ag/APC or PR8-OVAII infection (200). This confirms 

our previous finding that infection is not required for optimal transition of CD4 effector 

cells to memory and that cognate Ag interactions delivered by APC during the effector 

checkpoint are sufficient (200). 

As our lab has previously shown that cognate Ag interactions at the effector 

checkpoint, 5-7 dpi, are required for generating memory and produce an optimal number 

of CD4 memory cells (200, 201), we investigated how the strength of the pMHC-TCR 

interaction during the effector checkpoint would influence memory numbers in the 2nd  
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Figure 3.8. Comparison of day 21 FluNP memory cell numbers generated 
from IAV and high avidity Ag/APC  
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Figure 3.8. Comparison of FluNP memory cell numbers generated from IAV 
and high avidity Ag/APC 
 
(A) Experimental design: comparison of PR8 infection to high peptide/APC memory 

generation. Naïve FluNP.Thy1.1+/- cells were transferred to B6 hosts, then infected with 

PR8. At 6 dpi, FluNP effector cells were isolated from the 1st hosts by CD90.1 MACS 

and 1.5x106 day 6 FluNP effectors were co-transferred with peptide Ag/APC into 

uninfected 2nd hosts or without APC into day 6 PR8 infection matched hosts, infected 6d 

previously. Fifteen days later (21 dpi) 2nd hosts were sacrificed, and donor FluNP cells 

were analyzed by FACS. (B) FluNP cell numbers were enumerated by FACS in the dLN, 

lung and spleen at 21 dpi. Pooled data, n = 10, three experiments, mean +/- SEM. 

Statistical significance determined by two-tailed independent t test (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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hosts using the sequential transfer model (Figure 3.9A). To do this, we generated 6 dpi 

FluNP effectors and co-transferred along with a panel of NP peptide-pulsed APC into 

uninfected second hosts and enumerated the number of day 21 memory FluNP cells in the 

spleen, dLN and lung of second hosts (Figure 3.9A). The impact of peptide avidity was 

striking (Figure 3.9B-C), with memory cell numbers clearly dependent on the rank of the 

functional avidity of the NP peptides established in Figure 3.7. We noted that the greatest 

differences in memory cell number were seen in the lung, closely followed by the dLN, 

and differences in the spleen were clear but not as large (Figure 3.9C). The significance of 

these changes between groups of peptides is illustrated by the fold change in memory cell 

number between each peptide compared to unpulsed (Figure 3.10A), to low peptides 

(Figure 3.10B) and to middle peptides (Figure 3.10C). In the lung at 21 dpi, there were 

280-fold more donor memory FluNP cells in the NPT pulsed group compared to the 

unpulsed group (Figure 3.10A), 29 and 36-fold more compared to the low groups (Figure 

3.10B) and 6 and 8-fold more donor memory cells compared to the mid groups (Figure 

3.10C). A nearly identical pattern was seen in the dLN. In spleen, there were 16-fold more 

FluNP cells in the NPT (high) group compared to the unpulsed group (Figure 3.10A) and 

5-8-fold to the mid groups (Figure 3.10C), both highly significant (Figure 3.9C). Unlike 

the dLN and lung, there was no significant difference in the number of day 21 donor FluNP 

cells in the spleen between the mid and low stimulated groups (Figure 3.9C), although both 

showed significant increases compared to the unpulsed group. This demonstrates that 

peptide avidity, especially in the mid to low range, at the effector checkpoint has a larger 

impact on the number of memory cells in the dLN and lung, than in the spleen. One possible  
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Figure 3.9. Peptide avidity during the primary effector phase dictates the 
size of the memory population  
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Figure 3.9. Peptide avidity during the primary effector phase dictates the 
size of the memory population 
 
(A) Experimental design: Impact of peptide avidity on memory generation. 1.5x106 6d 

FluNP effectors were co-transferred with Ag/APC into uninfected 2nd hosts. The panel of 

different peptides was used to pulse groups of activated BMDC yielding peptide/*APC 

with different avidity for the TCR of the FluNP T cells. (B) Representative FACS plots 

showing donor memory cells by CD44 and CD90.1 expression in the spleen at 21 dpi. 

(C) Number of FluNP memory cells detected at 21dpi in the dLN, lung and spleen of 

second hosts. Spleen comparisons: highs vs. unpulsed, highs vs. lows, NPT vs. A7 / highs 

vs. K5; mids vs. unpulsed, K5 vs. Q2; Q2 vs. unpulsed / Q7 vs. unpulsed. dLN 

comparisons: NPT vs. unpulsed / NP311-325 vs. unpulsed, NPT vs. lows / NP311-325 vs. 

lows, NPT vs. mids / NP311-325 vs. mids; A7 vs. unpulsed / K5 vs. unpulsed, A7 vs. lows / 

K5 vs. lows; Q2 vs. unpulsed / Q7 vs. unpulsed. Lung comparisons: NPT vs. NP311-325; 

NPT vs. unpulsed / NP311-325 vs. unpulsed, NPT vs. lows / NP311-325 vs. lows, NPT vs. 

mids / NP311-325 vs. mids; mids vs. unpulsed, mids vs. Q2 / mids vs. Q7; Q2 vs. unpulsed / 

Q7 vs. unpulsed. Pooled data, n = 8-15, four experiments, mean +/- SEM. Statistical 

significance determined by two-tailed independent t test (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).  
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Figure 3.10. Impact of peptide avidity on fold-change of memory FluNP cell 
number (Day 21) 
 
   A 

Spleen 

1 
2 
4 
8 

16 
32 
64 

128 
256 

∅ ∅ ∅ 

Fo
ld

 C
ha

ng
e 

R
el

at
iv

e 
to

 U
np

ul
se

d 
(∅

) 

512 
dLN Lung 

Peptide vs Unpulsed/APC 

B 

C 

NPT 

NP311-325 

A7 

K5 

Q2 

Q7 

Q7 Q2 
1 

2 

4 

8 

16 

32 

64 

Fo
ld

 C
ha

ng
e 

R
el

at
iv

e 
to

 L
ow

 
(Q

2 
& 

Q
7)

  

Q2 Q7 Q2 Q7 

128 
dLN Lung Spleen 

Peptide vs Low Peptide/APC 

1 

2 

4 

8 

16 

Fo
ld

 C
ha

ng
e 

R
el

at
iv

e 
to

 M
id

 
(A

7 
&

 K
5)

  

K5 A7 K5 A7 K5 A7 

NPT 

NP311-325 

dLN Lung Spleen 

Peptide vs Mid Peptide/APC 

NPT 

NP311-325 

A7 

K5 

Q2 

Q7 



 68 

Figure 3.10. Impact of peptide avidity on fold-change of memory FluNP cell 
number (Day 21) 
 
FluNP cell number fold change relative to unpulsed (A), low peptide-pulsed (B) and mid 

peptide (C) in dLN, lung and spleen 21 dpi, x-axis lists fold change denominator. Fold 

change calculated from cell numbers in Figure 3.8. Pooled data, n = 8-15, four 

experiments, mean +/- SEM.  
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explanation for this is that a fraction of the 6 day effectors isolated from the SLO, already 

have committed to memory, but need further signals to migrate to lung and dLN. These 

data indicate that the strength of pMHC-TCR interaction at the effector checkpoint 

determines the size of the memory population. 

Phenotype of day 21 memory FluNP cells 

To demonstrate that the day 21 donor FluNP cells are memory cells, we looked for 

expression of the canonical CD4 memory marker CD127. The IL-7Ra and its ligand IL-7 

are needed to support CD4 memory generation in the secondary lymphoid tissues (156). 

The day 21 donor FluNP memory cells uniformly express high CD127 (Figure 3.11A) in 

all stimulated groups in the spleen and dLN (Figure 3.11B-C), while in the lung many 

donor FluNP cells do not express CD127 (Figure 3.11D). The percent expression of CD127 

on day 21 memory donor FluNP cells in the spleen and dLN generated in situ in response 

to IAV (Figure 3.5B, C) is roughly equivalent, greater than 75%, to the FluNP memory 

cells generated in vivo in the adoptive transfer system following stimulation at the effector 

checkpoint by all NP peptides (Figure 3.11B-C). This is in contrast to the lung, in which 

day 21 memory donor FluNP cells generated in situ in response to IAV infection express 

high levels of CD127, greater than 75%, while the FluNP memory cells on day 21 in the 

lung following adoptive transfer and NP peptide stimulation express far less (25-50%). 

Since we find that peptide avidity has the greatest impact on memory FluNP cell number 

fold change in the lung (Figure 3.10), despite a greater percentage of the low stimulated 

FluNP cells expressing CD127 (Figure 3.11D), we posit that the lack or loss of CD127 

expression on lung memory cells without IAV infection through the effector phase may  
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Figure 3.11. CD127 expression of memory FluNP from spleen, dLN and lung 
(Day 21) 
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Figure 3.11. CD127 expression of memory FluNP from spleen, dLN and lung 
(Day 21) 
 
(A) Representative FACS plots of CD44 and CD127 expression of donor FluNP. Gated 

on live singlets, CD4+, CD90.1+ cells. (B-D) Percent of donor FluNP expressing CD127 

on day at 21 dpi in (B) spleen (C) dLN and (D) lung. Pooled data, n = 8-15, four 

experiments, mean +/- SEM.  
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indicate that memory cells in the lung rely more on survival signals from other sources, 

such as IL-2 and IL-15, as opposed to IL-7.  

We further characterized the day 21 memory donor FluNP cells by canonical 

memory markers: central memory TCM (CD127+ CD44+ CD62L+), effector memory TEM 

(CD127+ CD44+ CD62L-) in the spleen and dLN, and resident memory TRM (CD44+ 

CD69+) in the lung (Figure 3.12). To differentiate TCM from TEM memory cells in the spleen 

and dLN, we first gated on CD127+, CD44+ FluNP cells (Figure 3.11A) and then separated 

central memory from effector memory by CD62L expression (Figure 3.12A). We found 

the frequency of TCM cells in the spleen (Figure 3.12B, left) and, to a slightly lessor degree, 

dLN (Figure 3.12C, left) equivalent between the different NP peptide stimulated groups, 

about 20% of all memory FluNP cells. We did find that the frequency of TEM (Figure 3.12B, 

right) in the spleen and dLN (Figure 3.12C, right) decreased in conjunction with peptide 

avidity. Since TEM are known to have the shortest lifespan of T cell memory populations, 

the reduction in frequency of TEM following stimulation by lower avidity peptides might 

be due to the death of these cells. Alternatively, it is known that prime-boost vaccine 

strategies induce greater frequencies of CD8 TEM with each additional boost (192), so the 

increase in FluNP TEM frequency in the spleen and dLN, resulting from increased peptide 

avidity, may reflect that the strength of the boost can also increase the frequency of TEM 

cells. The proportions of in situ FluNP TEM (~75%) and TCM (~25%) induced in the spleen 

following IAV infection (Figure 3.5E) compared to those induced by the high peptides 

NPT and NP311-325 on day 21 in the sequential transfer model (TEM ~80%, TCM ~20%) are 

roughly equal. This demonstrates that high avidity peptide Ag at the effector checkpoint,  
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Figure 3.12. Memory subset characterization of memory FluNP in spleen 
and dLN TCM and TEM, Lung TRM (Day 21) 
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Figure 3.12. Memory subset characterization of memory FluNP in spleen 
and dLN TCM and TEM, Lung TRM (Day 21) 
 
(A) Representative histogram of CD62L expression of spleen donor FluNP. Gated on live 

singlets, CD4+, CD90.1+, CD44hi, CD127+ cells. (B-C) Percent TCM (CD44hi, CD127+, 

CD62L+) and TEM (CD44hi, CD127+, CD62L-) of donor FluNP CD44hi, CD127+ cells on 

day at 21 dpi in (B) spleen (C) dLN. (D) Representative histogram of CD69 expression of 

spleen donor FluNP. Gated on live singlets, CD4+, CD90.1+, CD44hi cells. (E) Percent 

TRM (CD44hi, CD69+) of lung donor FluNP. (A-E) Representative and pooled data, n = 8-

15, four experiments, mean +/- SEM.  
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without infection, can induce the same frequencies of TEM and TCM as IAV infection, and 

that as peptide avidity decreases, the total number memory FluNP cells and TEM frequency 

of FluNP cells falls while the frequency of TCM cells remains relatively stable. As all FluNP 

cells received signals from infection and Ag days 0-6 of the immune response, perhaps 

these early signals are sufficient to promote ~20-25% of the memory population to become 

TCM, while peptide avidity and additional Ag stimulation promote a greater number of 

memory cells and a greater frequency of TEM cells. 

To distinguish TRM in the lung we first gated on CD44+ FluNP cells and analyzed 

CD69 expression (Figure 3.12D). The TRM frequency of day 21 donor FluNP memory cells 

in the lung increased as peptide avidity increased at the effector checkpoint (Figure 3.12D). 

I am cautions to call these FluNP cells true TRM without further looking at i.v. antibody 

labeling to distinguish between cells close to the vasculature (i.v. Ab+) from those that are 

truly imbedded in the tissue and not near blood vessels (i.v. Ab-). If we compare TRM 

frequencies of lung memory FluNP cells generated from in situ IAV infection, about 50% 

of day 21 lung memory FluNP cells are TRM (Figure 3.5E), while from high avidity NP 

peptides in the sequential transfer model, about 25% are TRM (Figure 3.12E), a two-fold 

reduction in TRM frequencies. Although 6d FluNP effector cells received high avidity 

cognate Ag in the sequential transfer system, this did not generate as much TRM, by CD69 

expression, as did in situ IAV infection, suggesting the peptide/APC stimulation is not 

quite as effective as infection. We know generation of lung ThCTL and their development 

of tissue residence requires antigen recognition in the lung (183) and this does not occur 

when we introduce Ag/APC by the i.v. route, which may explain this difference. 
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We looked at CXCR3 expression on the day 21 memory donor FluNP cells in the 

spleen, dLN and lung. CXCR3 is the chemokine receptor for CXCL9 and CXCL10, which 

are expressed at high levels in the lung during IAV infection as a result of interferon signals 

(212). The chemokine receptor CXCR3 has been implicated in trafficking of CD4 cells to 

the lung during IAV infection (105, 213), as well as to the dLN (214). In addition, we 

previously noted that CXCR3 expression was increased on memory OT-II cells following 

cognate Ag signals at the effector checkpoint compared to donor cells that received no 

cognate Ag at the effector checkpoint (200). In this study, we found about a 20% increase 

in the fraction of day 21 donor memory FluNP cells that express CXCR3 in the spleen, 

dLN and lung in the NPT/APC (high) stimulated group compared to the unpulsed (Figure 

3.13B). However, there was no clear pattern in CXCR3 expression between the different 

peptide/APC stimulated groups (Figure 3.13A-B), and the amount of CXCR3 expression, 

as measured by MFI of the CXCR3+ day 21 donor memory FluNP cells normalized to the 

unpulsed group, was equivalent in the spleen, dLN and lung (Figure 3.13C). There are 

several possibilities as to why there is no clear pattern in CXCR3 expression on memory 

cells. The first is that CXCR3 expression on CD4 memory may be a digital on/off response 

to TCR stimulation as opposed to graded levels of expression based on peptide avidity 

(215). This notion fits with our data here and our previously published results (200) that 

show peptide stimulation compared to no stimulation at the effector checkpoint promotes 

more CXCR3 expression, but there are no differences between different groups stimulated 

by diverse peptide avidity (Figure 3.13). A second explanation is that signals during 

priming are sufficient to induce CXCR3 expression on 40-60% of day 21 donor memory  
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Figure 3.13. CXCR3 expression by memory FluNP in spleen, dLN and lung 
(Day 21) 
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Figure 3.13. CXCR3 expression by memory FluNP in spleen, dLN and lung 
(Day 21) 
 
(A) Representative histogram of CXCR3 expression of spleen donor FluNP. Gated on 

live singlets, CD4+, CD90.1+, CD44hi cells. (B) Percent CXCR3 expression of donor 

FluNP CD44hi cells on day 21 dpi in spleen, dLN and lung. (C) CXCR3 median 

fluorescence intensity normalized to unpulsed (nMFI) of CXCR3+ donor FluNP CD44hi 

cells on day 21 dpi in spleen, dLN and lung.   
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FluNP cells and that cognate Ag interaction at the effector checkpoint has a limited or no 

role in CXCR3 induction. A third possibility is that the truth lies somewhere in the middle, 

that signals both during priming, and to some extent, during the effector checkpoint 

synergize to induce CXCR3 expression on the resultant CD4 memory cells. More work is 

needed to tease apart how effector checkpoint cognate Ag interactions influence CXCR3 

expression on CD4 memory. 

Immediate cytokine production from spleen day 21 memory FluNP cells 

We assessed immediate cytokine production ex vivo by the spleen FluNP memory 

cells generated from stimulation with the different avidity NP peptide-APC at the effector 

checkpoint by intracellular cytokine staining (ICCS) (Figure 3.14). Only one high avidity 

peptide (NPT) resulted in a slightly higher fraction of IFNg-capable memory compared to 

only one of the low (Q7) avidity peptides and to unpulsed APC (Figure 3.14A). Of the 

IFNg+ spleen FluNP memory cells, there was no difference in the amount of IFNg 

produced, as measured by MFI (Figure 3.14A). There was no difference in the fraction of 

TNFa+ spleen FluNP memory cells across the different peptide avidity groups, however 

TNFa+ FluNP cells in one of the low avidity stimulated groups (Q7) produced more TNFa 

than TNFa+ FluNP cells in one of the high avidity groups (NP311-325) (Figure 3.14B). FluNP 

memory cells in the NPT high avidity group had a slightly larger fraction of IL-2+ cells 

compared to the unpulsed group, while IL-2+ cells in the K5 mid avidity group produced 

slightly more IL-2 than FluNP cells in the Q2 low avidity and unpulsed groups (Figure 

3.14C). Overall, these results reveal that all memory cells produced similar levels of IFNg, 

TNFa and IL-2 and thus the fewer number of FluNP memory cells that develop at lower  
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Figure 3.14. Cytokine expression by memory FluNP in spleen (Day 21) 
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Figure 3.14. Cytokine expression by memory FluNP in spleen (Day 21) 
 
(A-C) Representative histograms (left), percent expression (middle) and normalized 

median fluorescence intensity (nMFI) (right) of ICCS (A) IFNg+ (B) TNFa+ (C) IL-2+. 

Gated on live singlets, CD4+, CD90.1+, CD44hi cells from spleen 21 dpi. Representative 

data (histograms) and pooled data, n = 8-15, four experiments, mean +/- SEM.Statistical 

significance determined by two-tailed independent t test (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).  
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avidity are likely functional, at least in terms of immediate cytokine release on 

restimulation.  

Survival and proliferation analysis of NP peptide stimulated FluNP effectors in vivo 

To probe the mechanisms by which peptide avidity has such a dramatic impact on 

memory cell recovery (Figure 3.9C), we asked if NP peptide avidity impacts FluNP 

effector cell proliferation, survival, or both (Figure 3A). We first asked if CD25 is 

upregulated, and its level determined by the strength of TCR signaling. We generated 6 dpi 

FluNP effectors and either co-transferred them along with Ag/APC into uninfected second 

hosts or transferred them alone to PR8 infection matched hosts. We used Thy-depleted 

splenocytes, cultured for two days and primed with dextran sulfate and LPS as APC (98, 

200), instead of BMDC as in previous experiments, based on studies that they were 

equivalent in their ability to drive memory formation (200). At 2 dpt, the number of FluNP 

cells recovered from the spleen was equivalent across all groups (Figure 3.15A). We found 

very little CD25 expression on FluNP effector cells at 2 dpt (Figure 3.15B).  

Next, to assess FluNP effector survival in the spleen 2 dpt, we stained the cells with 

Annexin V to label apoptotic cells, and a dead cell dye to label dead cells. The already dead 

cells will be double positive for the dead cell dye and Annexin V, while the apoptotic cells, 

committed to die but not yet dead, will be dead cell dye negative and Annexin V positive. 

There was no difference in double positive dead FluNP effector cells 2 dpt in the spleen 

between peptide avidity groups (Figure 3.15C), but we noticed a slight trend towards more 

apoptotic FluNP effector cells 2 dpt in the unpulsed and low peptide avidity groups 

compared to the PR8 infection matched group and high/mid groups (Figure 3.15D). We  
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Figure 3.15. Peptide avidity has no influence on in vivo spleen effector 
FluNP cell number, CD25 expression, survival or proliferation 2 dpt 
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Figure 3.15. Peptide avidity has no influence on in vivo spleen effector 
FluNP cell number, CD25 expression, survival or proliferation 2 dpt 
 
(A-E) FluNP effectors were isolated 6 dpi and either co-transferred along with NP 

peptide pulsed (10-4 M) APC or into PR8 infection matched hosts. After 2 dpt, spleen 

FluNP cells were stained by FACS. Gated on live singlets, CD4+, CD90.1+, CD44hi cells. 

(A) 2 dpt spleen FluNP cell numbers gated on live singlets, CD4+, CD90.1+ cells. (B) 

Percent CD25 expression on 2 dpt spleen FluNP cells. Gated on live singlets, CD4+, 

CD90.1+, CD44hi cells. (C) Percent Annexin V+, dead cell dye+ (double positive) and (D) 

percent Annexin V+ single positive FluNP cells. Gated on single CD4+, CD90.1+ cells. 

(E) Percent Ki67 expression on 2 dpt spleen FluNP cells. Gated on live singlets, CD4+, 

CD90.1+, CD44hi cells.  
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concluded 2 dpt might not be long enough for most cell death from lack of survival 

factors to occur.   

To analyze FluNP cell proliferation 2 dpt, we stained for intracellular expression of 

Ki67 as a marker of dividing cells. We observed that only the unstimulated group exhibited 

diminished proliferation based on Ki67 staining, while the PR8 infection matched group 

and all NP peptide stimulated groups showed a similar fraction (~40%) of Ki67 positive 

cells (Figure 3.15E). There were several challenges in this approach, so we decided to 

pursue a slightly different angle to assay FluNP effector cell survival and proliferation. A 

technical issue arose in the Annexin V staining protocol, and it was not possible to stain 

both Ki67 and Annexin V in the same FACS panel. Although Annexin V staining works 

well on cells in vitro, there were challenges staining cells from our in vivo transfer 

experiments. It was also interesting to note that there were no differences in FluNP cell 

numbers in the spleen 2dpt. This suggested that the survival or proliferation events in 

response to the different NP peptide avidities had not occurred yet. Therefore, we decided 

to change our approach to survival and proliferation readouts to address the technical issues 

and look out a day further in time to 3 dpt in hopes of catching differences in effector FluNP 

cell numbers that more reflected the memory FluNP cell numbers seen at 21 dpi. 

To evaluate proliferation, we stained the 6 dpi donor FluNP effectors with cell trace 

violet (CTV) before transfer and examined their division in vivo 3d after co-transfer with 

Ag/APC (Figure 3.16A). In these experiments, we returned to using BMDC as the APC, 

to keep the experimental system as similar as possible to our previous experiments. As 

indicated by dilution of CTV, the spleen FluNP cells in each peptide group divided multiple  



 86 

Figure 3.16. Peptide avidity has no impact on donor FluNP proliferation 3 
days post transfer 
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Figure 3.16. Peptide avidity has no impact on donor FluNP proliferation 3 
days post transfer 
 

(A) Experimental Design. Naïve FluNP CD4 T cells were transferred to B6 hosts, 

infected with PR8. At 6 dpi, FluNP effector cells were isolated from the 1st host, labeled 

with cell trace violet (CTV) and transferred to 2nd hosts given 106 APC, pulsed or not, 

with high, mid or low peptides. At 3 days post transfer (dpt), 2nd hosts were sacrificed 

and FluNP (CD4+ CD90.1+) cells were analyzed. (B) Representative FACS plots of 

FluNP CTV dilution in spleen 3 dpt. Gated on live singlets, CD4+, CD90.1+ cells. (C) 

Representative histogram of donor FluNP CTV dilution 3 dpt in spleen. Gates 1-5 are 

equally sized to undivided. (D-E) Percent of donor FluNP cells 3 dpt within gates shown 

in (C): (D) spleen, (E) dLN and lung.  
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times, while the unpulsed group barely proliferated (Figure 3.16B). Thus, proliferation of 

transferred cells required Ag recognition, as seen previously by Ki67 staining (Figure 

3.15E), but peptide avidity did not impact the pace or extent of division in in any organ 

(Figure 3.16C-E). Thus, the dramatic differences in memory cell numbers (Figure 3.9C), 

are not due to a greater rate or number of cell divisions as all avidity peptides efficiently 

induced proliferation. 

We determined survival of FluNP effectors by measuring expression of caspase 3/7 

and viability stain (Figure 3.17A-B). We replaced the Annexin V stain with FLICA 

caspase3/7 staining as a marker of cells on their way towards death. In the spleen, we found 

a much greater fraction of live, caspase 3/7 negative cells in the NPT (high) and A7 (mid) 

groups compared to the Q2 (low) group (Figure 3.17C), indicating there is greater apoptosis 

in the low avidity group compared to both mid and high groups. Most donor FluNP effector 

cells recovered in the unpulsed APC group were pro-apoptotic by 3d post-transfer (dpt) 

(Figure 3.17C), consistent with a strict requirement for Ag recognition at the effector 

checkpoint to prevent apoptosis (200). We did not see a clear difference in cell survival 

with different avidity peptides in dLN or lung, although all peptides led to higher survival 

than no peptide (Figure 3.17D-E). Perhaps the response kinetics are different in each organ, 

or the spleen is a major source of memory generation after which developing memory 

migrate to the lung and dLN. Therefore, we also evaluated donor FluNP effector cell 

recovery 3 dpt as a measure of net survival since we found no evidence that there were 

differences in FluNP proliferation between peptide groups. We found a clear-cut pattern 

with donor FluNP effector cell recovery corresponding to higher peptide avidity in the  
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Figure 3.17. Peptide avidity determines donor FluNP survival 3 days post 
transfer 
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Figure 3.17. Peptide avidity determines donor FluNP survival 3 days post 
transfer 
 
(A) Experimental Design. Naïve FluNP CD4 T cells were transferred to B6 hosts, 

infected with PR8. At 6 dpi, FluNP effector cells were isolated from the 1st host, labeled 

with cell trace violet (CTV) and transferred to 2nd hosts given 106 APC, pulsed or not, 

with high, mid or low peptides. At 3 days post transfer (dpt), 2nd hosts were sacrificed 

and FluNP (CD4+ CD90.1+) cells were analyzed. (B) Representative FACS plots of donor 

FluNP survival by live/dead yellow and FLICA caspase 3/7 staining in spleen 3 dpt. (C-

E) Fraction of live donor FluNP by FACS in the (C) spleen, (D) dLN and (E) lung.  
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spleen (Figure 3.18A), dLN (Figure 3.18B) and lung (Figure 3.18C) that was of similar 

magnitude at 3 dpt (late effector) as it is at 21 dpi (memory) (Figure 3.9C). We note that 

the impact of peptide avidity in regulating memory cell recovery is realized within a few 

days after donor FluNP effector cells encounter Ag, and it is primarily due to the fraction 

of effectors that survive rather than their extent of division. This focused our further 

experiments on determining what avidity-dependent step might be important. 

Peptide avidity at the effector checkpoint acts by inducing more effector IL-2 

 We further wanted to understand how peptide avidity at the effector checkpoint 

increased the survival of our transferred 6 dpi FluNP effector cells to memory. We coupled 

our in vivo approach from figure 3.15 with an in vitro approach to study how increasing 

peptide avidity influenced expression of cell surface protein mRNA expression levels and 

intracellular transcription factor expression on our 6 dpi FluNP effectors cultured for 2 

days with NP peptide pulsed APC. To do this, we used leftover 6 dpi FluNP effectors from 

our in vivo experiment in figure 3.15 and co-cultured with irradiated Ag/APC, in this case 

Thy-depleted splenocytes, activated with dextran sulfate and LPS, for 2 days. We then 

isolated RNA from the FluNP cells and determined mRNA levels of several key molecules 

associated with pMHC-TCR interaction strength, Nurr77, cytokine expression (IFNg, 

TNFa and IL-2), PD-1 and CXCR3, and IL-2R subunit expression (Figure 3.19). We saw 

that as predicted from our peptide affinity measurements (Figure 3.6B) and biological naïve 

FluNP cell activation avidity assay (Figure 3.7), Nurr77, IFNg and IL-2 mRNA expression 

levels of our effector FluNP cells clearly reflected the relative rank of NP peptide avidity, 

from strongest to weakest: NPT, NP311-325, A7, K5, Q2, Q7 and unpulsed APC. TNFa and  
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Figure 3.18. Peptide avidity increases donor FluNP cell recovery 3 dpt and 
reflects cell survival pattern 
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Figure 3.18. Peptide avidity increases donor FluNP cell recovery 3 dpt and 
reflects cell survival pattern 
 
(A-C) Experimental Design. Naïve FluNP CD4 T cells were transferred to B6 hosts, 

infected with PR8. At 6 dpi, FluNP effector cells were isolated from the 1st host, labeled 

with cell trace violet (CTV) and transferred to 2nd hosts given 106 APC, pulsed or not, 

with high, mid or low peptides. At 3 days post transfer (dpt), 2nd hosts were sacrificed 

and FluNP (CD4+ CD90.1+) cells were analyzed. Number of donor FluNP cells recovered 

3 dpt in the (A) spleen, (B) dLN and (C) lung. 
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PD-1 expression mRNA levels followed this trend for the most part followed, however the 

low peptide Q7 seemed to induce similar levels of these molecules as the high peptides 

(Figure 3.19). This was interesting, as effector TNFa expression appeared to follow the 

trend established from our day 21 spleen FluNP ICCS TNFa measurements (Figure 

3.14B), in that low peptide stimulated FluNP cells appear to make as much, if not slightly 

more, TNFa than their high signaling counterparts. The mRNA expression of CXCR3 was 

interesting as it reflected the inverse trend, with the greatest expression following 

stimulation with the low avidity peptides or unpulsed APC (Figure 3.19). We saw that 

CD25, the IL-2Ra subunit, mRNA expression levels were greater following strong 

compared to weak avidity peptide stimulation. There was not a clear trend for CD122 and 

CD132 expression levels. Overall, we felt this data helped to confirm the relative avidity 

rank of our NP peptides and this effector data coupled nicely with our affinity (Figure 3.6B) 

and naïve avidity readouts (Figure 3.14B). However, it was surprising that the FluNP 

effectors in vivo 2 dpt showed very little CD25 expression (Figure 3.15B), since autocrine 

IL-2 is the cytokine implicated in earlier studies in supporting memory generation (201). 

 We also looked at transcription factor and Bcl-2 family member expression levels 

associated with effector and memory differentiation as well as apoptosis and survival. It is 

generally thought that greater Eomes expression associates with memory precursor cells, 

while T-bet expression is more closely associated with terminal effector cells. Similarly, 

Bim expression is elevated in cells that are poised to die, while Bcl-2 is a survival factor. 

We looked at IRF-4 expression as another way to try and confirm the avidity rank of our 

NP peptides, as IRF-4 expression levels correlate to TCR signal strength. After 2 days in  
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Figure 3.19. qPCR phenotype of effector FluNP cells stimulated by different 
NP peptides on APC after 2d in vitro 
  

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.05

0.10

0.15

Nurr77

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

Nur77 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.05

0.10

0.15

IFNg

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

IFN𝛾 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.000

0.005

0.010

0.015

IL-2

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

IL-2 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.000

0.005

0.010

0.015

TNFa

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

TNF⍺ 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.01

0.02

0.03

PD-1
R

el
at

iv
e 

Ex
pr

es
si

on
 

(B
et

a-
A

ct
in

)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

PD-1 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.02

0.04

0.06

0.08

CXCR3

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

CXCR3 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.02

0.04

0.06

0.08

CD25

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

CD25 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.02

0.04

0.06

0.08

0.10

CD122

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

CD122 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

CD132 

NP-1 
(H

igh)

NP 31
1-3

25

NP-7 
(M

id)

NP-11
 (M

id)

NP-19
 (L

ow)

NP-26
 (L

ow)

Unpulse
d

Day
 6 

(N
o Stim

)
0.00

0.05

0.10

0.15

CD132

R
el

at
iv

e 
Ex

pr
es

si
on

 
(B

et
a-

A
ct

in
)



 96 

Figure 3.19. qPCR phenotype of effector FluNP cells stimulated by different 
NP peptides on APC after 2d in vitro 
 
FluNP effectors were isolated 6 dpi and co-cultured for 2d in vitro with NP peptide 

pulsed (10-4 M) irradiated APC. After 2d in culture FluNP cells were isolated and gene 

expression tested by qPCR relative to beta-actin expression: Nurr77, IFNg, IL-2, TNFa, 

PD-1, CXCR3, CD25, CD122 and CD132.   
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culture with Ag/APC, a greater fraction of our FluNP effector cells expressed T-bet, 

Eomes, Bim, Bcl-2 and IRF-4 (Figure 3.20). When we compared the ratios of Eomes to T-

bet and Bim to Bcl-2 there was no obvious pattern that fit with the day 21 memory cells 

data (Figure 3.9C). All of the effector FluNP cells expressed more Bim than Bcl-2 (~40x) 

and more Eomes than T-bet (~5x) and we were unable to make any conclusions from this 

data, other than again confirming the affinity (Figure 3.6B) and naïve biological FluNP 

activation assay (Figure 3.15B) avidity rank of the NP peptides. We decided that to further 

decipher these nuanced differences in vitro was not very practical and in fact might be 

confounding and confusing data. We decided to turn to and rely on our in vivo sequential 

transfer model to study by what mechanism peptide avidity at the effector checkpoint 

increases the survival of effector cells and number of memory cells generated. 

We previously established that effector phase autocrine IL-2 signaling is required 

for CD4 T cell memory and that autocrine IL-2 acts by downregulating pro-apoptotic Bim, 

which promotes the survival of CD4 effectors (200, 201). We had thought this implied that 

peptide Ag recognition induced IL-2Ra expression as well, since anti-IL-2R blocked the 

impact of IL-2 (201). But since we saw very little IL-2Ra expression on our FluNP effector 

cells 2 dpt (Figure 3.15B), we analyzed the expression of IL-2R subunits CD132 (IL-2Rg), 

CD122 (IL-2Rb) and CD25 (IL-2Ra) on donor FluNP before transfer and 3d after in vivo 

stimulation with the various peptide/APC. Before restimulation, a few 6 day FluNP 

effectors express CD132 (15%), a fair fraction expresses low levels of CD122 (40%) but 

very few express CD25 (<10%) (Figure 3.21A-C, left). Following stimulation with high 

affinity peptide/APC in vivo, three-quarters of 3 dpt FluNP cells in spleen, dLN and lung  
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Figure 3.20. Increased peptide avidity results in greater expression of 
transcription factors on effector FluNP cells after 2d in vitro 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

T-bet 

T-
be

t %
 o

f F
lu

NP
 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

Eomes 

Eo
m

es
 %

 o
f F

lu
NP

 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

IRF-4 

IR
F-

4 
%

 o
f F

lu
NP

 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

BIM 

BI
M

 %
 o

f F
lu

NP
 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

BCL-2 
BC

L-
2 

%
 o

f F
lu

NP
 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

BIM/BCL-2 MFI 

BI
M

/B
CL

-2
 M

FI
 

NPT NP311 A7 K5 Q2 Q7 ∅ 6d 

Eomes/T-bet MFI 

Eo
m

es
/T

-b
et

 M
FI

 



 99 

Figure 3.20. Increased peptide avidity results in greater expression of 
transcription factors on effector FluNP cells after 2d in vitro 
 

FluNP effectors were isolated 6 dpi and co-cultured for 2d in vitro with NP peptide 

pulsed (10-4 M) irradiated APC. After 2d in culture FluNP cells were isolated and 

transcription factors stained by FACS for T-bet, Eomes, IRF-4, BIM and BCL-2. Gated 

on live singlets, CD4+, CD90.1+, CD44hi cells. Median fluorescence intensity (MFI) 

ratios of BIM/BCL-2 and Eomes/T-bet are plotted.  
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strongly express CD132 and almost all express CD122 (>90%) (Figure 3.21D), but this is 

true regardless of peptide avidity. Moreover, we found there are few, if any, FluNP 

effectors that express any CD25 in spleen and lung (Figure 3.21D), and only half in the 

dLN (Figure 3.21A, D). In the in vivo setting, we found no difference in IL-2R subunit 

expression on 3 dpt donor FluNP cells following high, mid and low peptide avidity in any 

tissue, and even the unpulsed group 3 dpt effectors expressed a similar pattern (Figure 

2.21D), suggesting peptide avidity does not act by inducing effector FluNP IL-2R 

expression, leaving unresolved how autocrine IL-2 effectively signals the effectors.  

We examined the impact of peptide avidity on the level of IL-2 produced by 6 dpi 

effectors. We restimulated 6 dpi FluNP effectors ex vivo with our panel of NP peptide-

pulsed APC, and quantified IL-2-producing cells by ICCS (Figure 3.22A) and levels of 

secreted IL-2 by ELISA (Figure 3.22B) following 2d culture. Strikingly, the fraction of IL-

2-positive 6 dpi FluNP effectors corresponded closely with relative NP peptide avidity, 

mirroring the impact on memory (Figure 3.9C) and survival in the spleen 3 dpt (Figure 

3.17C). Thus, induction of IL-2 secretion by FluNP effector cells is highly dependent on 

avidity of peptide Ag recognition at the effector checkpoint. Since the CD4 T cell response 

is also dependent on density of peptide Ag/MHC we varied the peptide concentration used 

to pulse APC (Fig. 3.22B). We found dose also strongly influenced IL-2 production by the 

6 dpi effectors. With high avidity peptides, levels of IL-2 increased with peptide pulse 

concentration and were detectable even at very low dose (10-7 M) while mid and low 

peptides required much higher concentrations. We integrated the area under the curve, as 

a reflection of IL-2 accumulation (Figure 3.22C). This confirmed IL-2 production mirrored  
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Figure 3.21. IL-2 receptor subunit expression on 6d and 3 dpt FluNP 
effectors 
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Figure 3.21. IL-2 receptor subunit expression on 6d and 3 dpt dLN FluNP 
effectors 
 

(A-C) Effector FluNP IL-2 receptor subunit expression: (A) IL-2Ra (CD25), (B) IL-2Rb 

(CD122) and (C) IL-2Rg (CD132) expression was determined by FACS analysis of the 6 

dpi effectors (left) and 3 dpt donor cells (right). (D) Percent expression of IL-2R chains 

by CD44hi FluNP donor cells in spleen, dLN and lung 3 dpt.  
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Figure 3.22. Increased peptide avidity results in more day 6 effector FluNP 
cytokine expression and production 
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Figure 3.22. Increased peptide avidity results in more day 6 effector FluNP 
cytokine expression and production 
 
(A, D, E) FluNP 6 dpi effectors were restimulated for 6 hours with indicated NP peptides 

at 10 µM and (A) IL-2, (D) TNFa and (E) IFNg expression determined by FACS. (B, F) 

FluNP effectors were co-cultured with NP peptide-pulsed APC for 48 hr and (B) IL-2 and 

(F) IFNg production in the supernatant was determined by ELISA. (C) The area under the 

curve was calculated to quantitate impact on IL-2 production. (A-F) Pooled data, n = 3-6, 

two experiments, mean +/- SEM.  
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the rank of peptides determined by measures of affinity (Figure 3.6B) and functional 

avidity (Figure 3.15B). As peptide avidity determines the level of autocrine IL-2 

produced, and since IL-2 availability determines their survival (201), this is likely the key 

pathway that translates peptide avidity to number of memory cells generated. We also 

noted that TNFa (Figure 3.22D) expression and IFNg expression (Figure 3.22E) and 

production (Figure 3.22F) was also dependent on peptide avidity and on dose, indicating 

the elicitation of those key effector function also is peptide avidity driven. 

CD25 expression on APC during the effector phase promotes effector transition to 

memory. 

When effector cells recognize peptide Ag presented by APC, they make IL-2 within 

several hours (216). Traditionally this autocrine IL-2 was thought to bind to the tripartite 

IL-2R on the same cell, since the IL-2 needs to be autocrine (201). However, since 6 dpi 

FluNP effectors do not express CD25 (Figure 3.21A, left), we further investigated how 

autocrine IL-2 might bind to effectors during this checkpoint. IL-15 shares two-thirds of 

its receptor (IL-2Rb/g) with IL-2 and is known to be transpresented by IL-15Ra on APC 

to IL-2Rb/g on T cells (217-219). Several previous studies found that IL-2 can be 

transpresented by APC (220-222). If IL-2 transpresentation plays a role here, IAV infection 

should generate CD25-expressing APC. We analyzed infection-induced APC for CD25 

expression. In uninfected mice, we found no CD25 expression on MHC-II+ cells but at 6 

dpi a cohort of dLN CD11c+, MHC-II+ cells clearly express CD25 (Figure 3.23A). At 4-8 

dpi, the time when autocrine IL-2 signals are needed for CD4 T cell memory (120), 

substantial populations of CD11c+, MHC-II+ cells (Figure 3.23B), CD11b+, MHC-II+ cells  
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Figure 3.23. Several APC subsets express CD25 4-8 days post IAV infection 
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Figure 3.23. Several APC subsets express CD25 4-8 days post IAV infection 
 
(A-D) CD25 Expression on APC in vivo. Mice were infected or not with PR8 influenza 

and sacrificed 4, 6 and 8 dpi. CD25 expression was measured by FACS staining on I-Ab+, 

CD11c+ cells in the dLN of infected (black line, no fill) or uninfected (gray) mice. (B-D) 

Kinetics in the dLN, lung, and spleen of infected mice at 4, 6 and 8 dpi of (B) CD25+ I-

Ab+, CD11c+ APC, (C) CD25+ I-Ab+, CD11b+ APC and (D) CD25+ I-Ab+, CD19+ APC.    



 108 

(Figure 3.23C) and CD19+, MHC-II+ cells (Figure 3.23D) express CD25 in the lung, dLN 

and spleen. This demonstrates that CD25 expression is induced on several APC subsets 

following IAV infection at the right time, 4-8 dpi, when transpresentation of IL-2 to 

responding CD4 effector cells might be relevant.  

We analyzed whether CD25 expression on APC could play a role in CD4 effector 

survival to memory. To do this, we generated 6 dpi FluNP effectors and co-transferred 

them with WT or CD25KO activated BMDC pulsed with high and mid NP peptides into 

uninfected second hosts and analyzed the resultant FluNP memory cell numbers 21 dpi 

(Figure 3.26A). Both WT and CD25KO BMDC expressed high levels of CD11c, MHC-II, 

CD80 and CD86, but only WT BMDC expressed CD25 (Figure 3.24). We found that 6 dpi 

effectors stimulated in vitro for 2 days with WT vs. CD25KO peptide/APC produced 

equivalent amounts of IL-2 (Figure 3.25A) and IFNg (Figure 3.25B). This indicates that 

both WT and CD25KO BMDC, pulsed with the same NP peptide, activate effector FluNP 

cells equivalently. However, when we assessed in vivo generation of memory using the 

sequential transfer model with WT or CD25KO APC (Figure 3.26A), significantly fewer 

donor FluNP memory cells developed in spleen (Figure 3.26B), dLN (Figure 3.26C), and 

lung (Figure 3.26D), when NPT high peptide was presented by CD25KO BMDC. With the 

middle avidity peptide A7, there were significantly fewer donor FluNP memory cells 

generated with CD25KO BMDC in dLN (Figure 3.26C) and lung (Figure 3.26D). The 

fraction of donor memory cells that produced IFNg (Figure 3.26E), IL-2(Figure 3.26F), 

and TNFa (Figure 3.26G) was equivalent. This suggests that transpresentation of IL-2 by  
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Figure 3.24. Comparison of WT and CD25KO BMDC following activation 
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Figure 3.24. Comparison of WT and CD25KO BMDC following activation 
 
Histograms of CD11c, I-Ab, CD86, CD80 and CD25 expression on BMDC prepared 

from WT and CD25KO mice.   
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Figure 3.25. WT and CD25KO BMDC both effectively stimulate 6d FluNP 
effector cytokine production 
 
  

0 

20 

ng
/m

L 

15 

10 

5 

IL-2 Production by 6d FluNP (in vitro) A 

WT 
NPT 

KO 
NPT 

KO 
A7 

WT 
A7 

(High) (Mid) 

60 

0 

20 

40 

ng
/m

L 

IFN𝛾 Production by 6d FluNP (in vitro B 

WT 
NPT 

KO 
NPT 

KO 
A7 

WT 
A7 

(High) (Mid) 



 112 

Figure 3.25. WT and CD25KO BMDC both effectively stimulate 6d FluNP 
effector cytokine production 
 
(A-B) FluNP 6d effectors were stimulated with WT or CD25KO APC pulsed with NPT 

(high) or A7 (mid) NP peptide for 6 hr and production of (A) IL-2 and (B) IFNg 

determined by ELISA.  
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Figure 3.26. CD25 expression on APC induces more effectors to become 
memory 
 
  Exp. Design: Impact of APC CD25 expression 
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Figure 3.26. CD25 expression on APC induces more effectors to become 
memory 
 
(A) Experimental Design. 6 dpi FluNP effectors were co-transferred with peptide-pulsed 

WT or CD25KO BMDC to uninfected 2nd hosts. 2nd hosts were sacrificed 15 dpt (21 dpi), 

and donor memory cells were analyzed by FACS. Number of memory FluNP cells 

determined by FACS analysis in (B) spleen, (C) dLN and (D) lung. (E-G) Spleen cells 

were re-stimulated with 10µM of NP311-325 for 6 hours ex vivo and percent expression of 

21 dpi FluNP (G) IFNg, (H) IL-2 and (G) TNFa determined by ICCS. Gated on live 

singlets, CD4+, CD90.1+, CD44hi.  
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APC serves to amplify the IL-2 signal to the CD4 FluNP effectors, leading to generation 

of more memory cells. 

Peptide avidity at the effector checkpoint determines protection to influenza 

challenge. 

We asked if mice which received higher avidity peptide were better protected from 

rechallenge with IAV. We generated memory from FluNP effectors co-transferred with 

high or low Ag/APC (Figure 3.27A). After 21 dpi, we challenged the mice with a sublethal 

dose of PR8 and analyzed their weight loss (Figure 3.27B). The high avidity group 

recovered weight significantly faster than the low group, and both recovered more rapidly 

than the unpulsed group (Figure 3.27B). When we challenged hosts with a higher, lethal 

dose of PR8 and analyzed survival, more animals in the two high groups (>80%) survived 

compared to their two low signaling counterparts (50-60%) and these were better protected 

than unpulsed APC (20%) (Figure 3.27C). Thus, higher avidity peptide at the effector 

phase promoted a more protective donor memory FluNP population and the degree of 

protection increased with the size of the memory population. 

Increased peptide avidity at the effector checkpoint generates memory cells that 

respond more rapidly to IAV infection in the lung 

To analyze whether the increased protection (Figure 3.27C) was due primarily to 

the increased donor FluNP memory cell numbers following stimulation with high avidity 

peptides at the effector checkpoint (Figure 3.9C), or if there were qualitative differences 

between the secondary effectors that could be responsible for greater protection, we studied  
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Figure 3.27. Increased peptide avidity at the effector checkpoint promotes a 
more protective population of memory cells 
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Figure 3.27. Increased peptide avidity at the effector checkpoint promotes a 
more protective population of memory cells 
 
(A) Experimental design: FluNP effector cells (6 dpi) were co-transferred with peptide-

pulsed APC into uninfected 2nd hosts and rested for 15 d (21 dpi). At 21 dpi, 2nd hosts 

were challenged with PR8. (B) Weight loss was determined following 2LD50 PR8 

challenge. Statistical significance determined by two-tailed independent t test (*p<0.05). 

(C) Survival was measured following 4LD50 PR8 challenge. Statistical significance 

determined by log-rank (Mantel-Cox) test (*p<0.05). (B) Pooled data, n= 10-15, two 

experiments, mean +/- SEM. (C) Pooled data, n= 8, two experiments. (E-G) Pooled data, 

n= 8-9, two experiments, mean +/- SEM.  
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the secondary FluNP effector populations at 5 and 8 days after challenge. We hypothesized 

that some of the secondary FluNP effectors generated from memory cells might develop 

earlier (123) than during the primary response which peaks at 8 dpi (Figure 3.1, 3.2). As in 

earlier experiments, we generated 6 dpi FluNP effectors in vivo and co-transferred them 

along with three different NP peptide-pulsed *BMDC (high, mid, low) into naïve second 

hosts. We let the donor FluNP cells become memory and after 21 days (15 dpt) we infected 

the second hosts with a sub-lethal dose of PR8 and looked at the resultant secondary 

effectors in the dLN, lung and spleen at 5 (Figure 2.28A) and 8 dpi (Figure 3.29A). We 

found no difference in FluNP numbers on day 5 in the spleen of dLN, however the lung 

contained more secondary effectors in the NPT (high) group compared to the A7 (mid) and 

unpulsed groups, while the Q2 group just missed the cutoff for significance but 

demonstrated a 2.5-fold difference in number (Figure 3.28B). Since we saw a difference in 

day 5 lung FluNP secondary effectors, we looked for differences in percentages of ThCTL, 

by NKG2A/C/E expression, and Th1 differentiation by T-bet expression. We found a 

significant increase in the fraction of ThCTL, and amount of NKG2A/C/E expressed by 

NKG2A/C/E+ FluNP cells in the high compared to unpulsed group (Figure 3.28C). We 

also saw an increase in the percent of T-bet expression on FluNP cells in the high and mid 

stimulated groups compared to unpulsed, and an increase in the amount of T-bet expressed 

by T-bet+ FluNP cells in the high and mid stimulated groups compared to unpulsed and in 

the high compared to low group (Figure 3.28D). This suggests that the enhanced protection 

seen in the high compared to low stimulated groups (Figure 3.27C) might be due to a more 

rapid secondary FluNP effector response in the lung, both in terms of more FluNP cells in  
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Figure 3.28. Peptide avidity at the effector checkpoint increases the 
secondary effector FluNP response in the lung (Day 5) 
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Figure 3.28. Peptide avidity at the effector checkpoint increases the 
secondary effector FluNP response in the lung (Day 5) 
 
(A) Experimental Design. FluNP effector cells (6 dpi) were isolated and co-transferred 

with peptide-pulsed APCs into uninfected 2nd hosts.  At 21 dpi, 2nd hosts were infected 

with a sub-lethal dose of PR8. (B-D) Secondary effector evaluation. The response of 

secondary FluNP effectors was determined by FACS 5 dpi. (B) Numbers of FluNP in the 

spleen, dLN and lung 5 dpi. Pooled data, n = 8-9, two experiments, mean +/- SEM. 

Statistical significance determined by two-tailed independent t test (*p<0.05). (C-D) 

Lung FluNP secondary effector phenotyping. (C) Percent NKG2A/C/E expression of 5 

dpi lung FluNP secondary effectors (left) and MFI of NKG2A/C/E+ lung FluNP cells 

(right). (D) Percent T-bet expression of 5 dpi lung FluNP secondary effectors (left) and 

MFI of T-bet+ lung FluNP cells (right). (C-D) Representative data, n = 3-4, one 

experiment, mean +/- SEM. Statistical significance determined by two-tailed independent 

t test (*p<0.05, **p<0.01). 
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the lung at day 5 (Figure 3.28B), and increased ThCTL (Figure 3.28C) and Th1 (Figure 

3.28D) effector functions.  

By day 8, the donor FluNP secondary effector cell numbers had equalized in the 

lung and remained equivalent in the spleen and dLN (Figure 3.29B). Therefore, the 

numerical advantage conferred by high avidity peptide interaction back at the primary 

effector checkpoint was significant in the effector populations in the lung but not SLO and 

only at 5 dpi. We next analyzed the ability of the day 8 donor secondary FluNP effectors 

to make effector cytokines IFNg and TNFa, as an indicator of their potential for mediating 

anti-viral effects. We found that a similar fraction of day 8 spleen secondary FluNP 

effectors were IFNg+, however when looking at the amount of IFNg made by the IFNg+ day 

8 FluNP effectors, we did find that day 8 secondary effectors made more IFNg in the NPT 

(high) group compared to A7 (mid) and Q2 (low) (Figure 3.29C). We found an increase in 

the fraction of TNFa+ day 8 FluNP effectors in the NPT (high) group compared to A7 

(mid) and that the TNFa+ FluNP effectors in the NPT group also made more TNFa 

compared to A7 (Figure 3.29D). Taken together, this data demonstrates that increased 

peptide avidity at the effector checkpoint promotes a more protective memory population 

mainly by generating a greater number of memory cells. In addition, when memory cells 

were generated from the highest effector phase TCR signal strength, the resultant 

secondary effectors make a bit more IFNg and TNFa. Even though increased peptide 

avidity dramatically influences the number of memory cells, those that do form when 

encountering lower avidity peptides are nearly as competent on a per cell basis. We note 

that all the FluNP memory cells generated have the same TCR, with the same affinity for  
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Figure 3.29. Peptide avidity at the effector checkpoint enhances cytokine 
production from secondary effector FluNP in the spleen (Day 8) 
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Figure 3.29. Peptide avidity at the effector checkpoint enhances cytokine 
production from secondary effector FluNP in the spleen (Day 8) 
 
(A) Experimental Design. FluNP effector cells (6 dpi) were isolated and co-transferred 

with peptide-pulsed APCs into uninfected 2nd hosts.  At 21 dpi, 2nd hosts were infected 

with a sub-lethal dose of PR8. (B-D) Secondary effector evaluation. The response of 

secondary FluNP effectors was determined by FACS 8 dpi. (B) Numbers of FluNP in the 

spleen, dLN and lung 8 dpi. (C-D) Spleen FluNP secondary effector cytokine expression. 

(C) Percent IFNg expression of 8 dpi spleen FluNP secondary effectors (left) and MFI of 

IFNg + spleen FluNP cells (right). (D) Percent TNFa expression of 8 dpi spleen FluNP 

secondary effectors (left) and MFI of TNFa + spleen FluNP cells (right). (B-D) Pooled 

data, n = 8-9, two experiments, mean +/- SEM. Statistical significance determined by 

two-tailed independent t test (*p<0.05, **p<0.01, ***p<0.001).  
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the NP of influenza so this avidity for influenza does not change, and this does not in any 

way evaluate if memory of higher affinity would be more effective, which we predict it 

would.  

Ag recognition by secondary effectors is required for memory generation and peptide 

avidity determines the size of response.  

Memory T cells have less stringent requirements than naïve for peptide Ag dose 

and costimulatory interactions (223), and they become more protective secondary effectors 

(123). Memory T cells to influenza accumulate with age in adult humans due to multiple 

exposures, through both influenza infections and vaccinations (224-226) and thus may 

dominate responses. We asked whether secondary (2°) effectors generated from memory 

cells, also require Ag recognition at the secondary effector checkpoint to become secondary 

memory. We generated primary memory cells from 6 dpi FluNP effectors with high 

peptide/APC in the 2nd host to maintain the otherwise naïve state and generate the same 

number of primary memory cells as IAV infection (Figure 3.8). At day 21, we infected 

second hosts with a sub-lethal dose of PR8 and isolated 6 dpi donor FluNP 2° effectors. 

We then co-transferred 2° 6 dpi FluNP effectors along with high, mid and low avidity 

peptide pulsed APC or unpulsed APC (Figure 3.30A) into 3rd hosts and enumerated 2° 

memory FluNP after 21 days in the spleen, dLN and lung (Figure 3.30B). In each organ, 

memory generation was dependent on Ag recognition, with the high peptide NPT 

producing 14.4-fold more memory in spleen, 40-fold more in dLN and 34-fold more in 

lung compared to APC with no peptide Ag (Figure 3.30B). As in the primary response, the  
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Figure 3.30. Peptide avidity during the secondary effector checkpoint 
regulates the size of the secondary memory population 
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Figure 3.30. Peptide avidity during the secondary effector checkpoint 
regulates the size of the secondary memory population 
 
(A) Experimental design. Primary 6 dpi FluNP effectors were generated and 1.5x106 co-

transferred to 2nd hosts with 106 NPT (high) peptide-pulsed BMDCs. At the memory 

stage, 21 dpi for the donor cells, 2nd hosts were infected with PR8 influenza (0.3 LD50) 

and secondary 6 dpi effectors were isolated via CD90.1 MACS and co-transferred to 

uninfected 3rd hosts. Fifteen days later 3rd hosts were sacrificed, and donor secondary 

memory cells were analyzed by FACS. (B) Number of secondary memory donor FluNP 

cells determined FACS analysis in the spleen, dLN and lung. Spleen and dLN pooled 

data, n = 6-8, two experiments, mean +/- SEM. Lung representative data n = 6-8, two 

experiments, mean +/- SEM. Statistical significance determined by two-tailed 

independent t test (*p<0.05, **p<0.01). 
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number of memory cells was also reduced when lower affinity peptides were used for 

pulsing APC. Thus, CD4 memory cells, like naïve cells, need to recognize Ag again as 

secondary effectors, to form optimal secondary memory and peptide avidity again 

determines how many secondary memory cells are formed.  

Effector checkpoint Ag recognition and dose influences effector CD8 T cell memory 

 Our lab has extensively focused on the role of late cognate Ag interactions in 

effector and memory fate decisions for CD4 T cells, and we wondered if this intrinsic 

requirement held true for CD8 T cells. To test this, we utilized the OT-I CD8 TCR tg 

system in the sequential adoptive transfer model, like our previously published results for 

OT-I CD4 T cells (200). In this model, we transferred naïve OT-I CD8 T cells into first 

hosts and infected with a sub-lethal dose of PR8-OVAI. The PR8-OVAI virus is a PR8 

strain that expresses the OVA peptide recognized by the OT-I TCR. We then isolated 6 dpi 

effector OT-I cells and transferred them into PR8-OVAI (infection and Ag), PR8 (infection 

alone) infection matched, or uninfected (negative control) second hosts. Since we know 

that CD8 T cells take longer to contract to stable memory than CD4 T cells (Figure 1.1), 

we determined the number of OT-I cells 7 and 36 dpt (Figure 3.31A). We then enumerated 

the number of donor OT-I cells in each mouse by CD8 and Thy1.1 expression (Figure 

3.31B). On 7 dpt (13 dpi), we found 10-fold more OT-I cells in the spleen and dLN, and 

82-fold more in the lung of PR8-OVAI infected mice compared to PR8 or uninfected 

groups and (Figure3.31C). When we looked at 36 dpt (42 dpi), we found 350 and 280-fold 

more OT-I cells in the spleen and dLN respectively, and strikingly 1000-fold more in the 

lung of PR8-OVAI infected mice compared to PR8 or uninfected groups and  
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Figure 3.31. Cognate antigen during the effector checkpoint regulates the 
size of the memory CD8 population 
 
  A 

PR8 

PR8-OVAI 

Exp. Design: Cognate Ag CD8 Memory 

Day 6  
Primary 
Effectors 

Infect PR8-OVAI 
1

st
 Host 

Naïve OT-I 
CD90.1 

Analyze 
7 & 36 dpt 

Uninfected 

B Donor OT-I gating (Lung 7 dpt) 

C Donor OT-I Recovery 7 dpt 

Spleen 
10x 

Uninfected PR8 PR8-OVAI 

Lung 
82x 

Uninfected PR8 PR8-OVAI 

dLN 
10x 

Uninfected PR8 PR8-OVAI 

D Donor OT-I Recovery 36 dpt 

Spleen 

350x 

Uninfected PR8 PR8-OVAI 

Lung 
1000x 

Uninfected PR8 PR8-OVAI 

dLN 
280x 

Uninfected PR8 PR8-OVAI 



 129 

Figure 3.31. Cognate antigen during the effector checkpoint regulates the 
size of the memory CD8 population 
 
(A) Experimental Design. Naïve OT-I.Thy1.1+/- cells were transferred to B6 hosts, then 

infected with a sub-lethal dose of PR8-OVAI. At 6 dpi, OT-I effector cells were isolated 

from the 1st hosts and transferred into either uninfected, day 6 PR8, or day 6 PR8-OVAI 

infection matched hosts (infected 6d previously). 7 and 36 days later (13 & 42 dpi) 2nd 

hosts were sacrificed, and donor OT-I cells were analyzed by FACS. (B) Representative 

FACS plots of lung donor and host CD8 cells 7 dpt. (C-D) Donor OT-I cell numbers 

were enumerated by FACS in the dLN, lung and spleen at (C) 7 and (D) 36 dpt. 

Representative data, n = 4, one experiment, mean +/- SEM. Statistical significance 

determined by two-tailed independent t test (*p<0.05, **p<0.01, ***p<0.001).  
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(Figure3.31D). We concluded that indeed CD8 effector T cells required to see Ag again at 

the effector phase of the immune response in order to promote optimal memory CD8 T cell 

numbers in the spleen, dLN and lung.  

 We were curious to test if Ag dose or IL-2 signaling enhanced memory CD8 T cell 

formation in this system. Instead of using the different affinity SIINFEKL peptides 

recognized by OT-I cells, we decided to try pulsing APC with different doses of the 

SIINFEKL peptide. From previous work we know that CD8 effector cells can be classified 

as terminal effector cells by KLRG1 expression and as memory precursor cells by CD127 

expression (227, 228). We generated 6 dpi OT-I effector cells as above and co-cultured 

them in vitro with Ag/APC, pulsed at various Ag doses, with and without exogenous IL-2 

in the media. After 2 days in culture we assayed OT-I effector function by analyzing the 

amount of IFNg produced in the supernatant by ELISA. We found that, as expected, 6 dpi 

OT-I effector cells produced IFNg in an Ag dose-dependent manner (Figure 3.32, left). We 

also noticed that the addition of exogenous IL-2 in the culture media (10 ng/mL) helped to 

slightly boost IFNg production (Figure 3.32, right), presumably by keeping more OT-I cells 

alive in culture, although we do not have evidence of this. We also looked by FACS at 

KLRG1 expression on these OT-I cells after 2 days in culture as a measure of terminal 

effector status. Interestingly, we saw that as Ag dose increased, the effector OT-I cells 

expressed less KLRG1, as there appeared to be an increase in KLRG1lo cells (Figure 3.32, 

left). We also noticed that with exogenous IL-2 in the media, we saw diminished KLRG1 

expression on OT-I cells stimulated compared with the same Ag dose without exogenous 

IL-2 in the media (Figure 3.32, right). Looking specifically at the IL-2 treated group, we  
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Figure 3.32. Culture of 6d OT-I effectors reveals Ag dose and IL-2 increase 
IFNg production and decreases KLRG1 expression in vitro 
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Figure 3.32. Culture of 6d OT-I effectors reveals increasing Ag and IL-2 
increase IFNg production and decreases KLRG1 expression in vitro 
 
(A-B) Naïve OT-I.Thy1.1+/- cells were transferred to B6 hosts, then infected with a sub-

lethal dose of PR8-OVAI. At 6 dpi, OT-I effector cells were isolated from the 1st hosts 

and co-cultured with SIINFEKL pulsed Ag/APC for 2d in vitro, with and without 

exogenous IL-2 (10 ng/mL) in the media. (A) IFNg production in the supernatant was 

determined by ELISA. (B) Representative KLRG1 histograms of OT-I cells after 2d in 

vitro with Ag/APC with and without exogenous IL-2 (10 ng/mL).  
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saw that Ag dose actually increased the KLRG1 expression on the OT-I effector cells 

(Figure 3.32, right). We found these results of particular interest for two reasons. The first 

is that in the absence of IL-2, increasing Ag dose results in an increase in KLRG1lo cells, 

suggesting increased TCR engagement at the effector checkpoint results in a decrease in 

terminal effector OT-I CD8 T cells. This fits nicely with our data showing that late Ag in 

the sequential transfer system increases the size of the memory CD8 T cell population 

(Figure 3.31). The second interesting piece here is that exogenous IL-2 reduces KLRG1 

expression and thus may be important for effector CD8 T cell survival to memory as well. 

These results are preliminary, and more work must be done to tease apart the impact 

effector checkpoint Ag recognition has on the formation of CD8 memory.  
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CHAPTER IV: Discussion 

Overview 

In this thesis I examined the impact of peptide avidity for the FluNP TCR, delivered 

at the CD4 effector checkpoint (200, 201), on memory formation. The goal of this work 

was to build on our previous findings that both cognate Ag interactions (200) and autocrine 

IL-2 signaling (201) were required at the effector checkpoint, 5-8 dpi, for the optimal 

generation of CD4 memory that protect against future IAV infection (120, 229). We 

continually observed that CD25 (IL-2Ra) was not expressed by our 6 day CD4 effectors 

and we wondered how this mechanism of late cognate Ag interaction and autocrine IL-2 

influenced memory outcomes. We hypothesized that peptide avidity for TCR in vivo might 

influence both IL-2, and other cytokine, production by our 6 day effectors and IL-2R 

subunit expression on the same cells. We recovered the greatest number of CD4 memory 

cells after 6 day FluNP effecters were stimulated with the highest avidity peptide, with 

200-fold more in the lung compared to no peptide, and 20-50-fold more compared to low 

avidity peptide. Higher peptide avidity drove higher levels of autocrine IL-2 production, 

which promoted greater effector survival and donor FluNP cell recovery in the late effector 

phase, laying out the mechanisms likely to be responsible. The importance of autocrine IL-

2 in memory formation was emphasized by the fact that optimum levels of memory 

generation required that activated APC express IL-2Ra during the cognate interaction with 

CD4 effectors. This fit with our observation that 6 day CD4 effectors expressed almost no 

CD25, while maintaining some expression of CD122 (IL-2Rb) and CD132 (IL-2Rg). The 

CD4 FluNP memory cells generated by both high avidity peptides led to increased 
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protection from lethal rechallenge. Secondary CD4 effector cells, generated from primary 

memory that were formed following stimulation with high avidity peptide at the primary 

memory checkpoint, also required Ag recognition again at the secondary effector 

checkpoint to form secondary memory and were again favored by high avidity peptide. To 

increase CD4 T cell memory, we suggest vaccine strategies must supply a second round of 

high avidity antigen and pattern recognition signals shortly after initial immunization 

during the effector T cell response.  

The summation of all cognate antigen signals throughout the life of a T cell  

Previous studies varied Ag avidity at the initiation of the immune response and 

found that both increased dose and peptide avidity could led to greater effector and memory 

T cell numbers, however the recall responses from these different memory populations 

were equivalent (177, 180, 186, 188, 189, 196, 197, 230). Extending the period of Ag 

presentation also promoted enhanced CD4 and CD8 memory formation (165, 166, 168, 

194, 195, 200, 201). The pathways responsible were not determined and no studies 

restricted Ag to the effector checkpoint, that we know is strictly required for memory 

generation (120, 200, 201). The work here in this thesis is the first to analyze the effect of 

a broad range of peptide avidity during the effector checkpoint on CD4 T cell memory. 

Our results indicate that at the effector checkpoint, 6 days after initial infection, 

peptide/MHC-II avidity for the TCR on the CD4 effectors during cognate interaction 

determines the magnitude of memory by regulating the level of effector production of 

autocrine IL-2. In turn, this determines how many effectors survive over the next few days 

and progress to memory. In the polyclonal situation, this likely selects for CD4 memory 
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cells which are of the highest affinity for the pathogen Ag they recognize. Our preliminary 

data suggests that CD8 T cells also require late cognate Ag interactions at the effector 

checkpoint to form a larger memory population. We found that both increased peptide 

avidity and addition of exogenous IL-2 increased the fraction of KLRG1lo effector CD8 T 

cells in vitro.  

There is evidence that even pMHC-TCR signals during CD4 T cell development 

have the potential to shape peripheral CD4 T cell responses. During development, CD4 T 

cells stimulated by the same peptide Ag with equal affinity for TCR demonstrate different 

memory potential based on levels of tonic signaling (181, 187). This data indicates that 

even the same affinity peptide Ag can elicit different responses from CD4 T cells (181) 

and that this tonic signaling during development can shape the differentiation pattern of 

effector CD4 T cells, with lower tonic TCR triggering favoring TFH development while 

having no impact on Th1 formation (182). T cell responses are educated by cognate Ag 

signals not just during priming. If cognate Ag signals before priming can shape peripheral 

T cell responses, then can cognate Ag signals after priming also instruct T cell responses? 

I return here to my view that acute viral infections, particularly influenza, provide 

a Goldilocks “just right” amount and duration of inflammatory and Ag signals to promote 

high quality and effective T cell memory. Vaccine immunization, on the other hand, is the 

“too cold” scenario, in which for too short of a duration, too few inflammatory and Ag 

signals elicit mild T cell memory. Chronic infection creates the “too hot” scenario, in which 

inflammation and Ag signals persist for too long and drive T cell exhaustion. We must 

consider how signals from inflammation and Ag instruct T cell responses in different tissue 
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locations at different times during an immune response. This poses quite the challenge in 

understanding T cell memory because there are simply too many variables to control for 

here, and it is easy to recognize how memory studies can provide conflicting reports about 

how TCR triggering and peptide Ag affinity influences memory T cell responses. 

I find several aspects of the work presented here of critical importance to this idea 

that Ag signals from development, priming, and the effector phase can instruct T cell 

memory fate decisions. In all the memory experiments conducted in this thesis, naïve 

FluNP cells were primed in vivo from day 0-6 of IAV infection. Using a CD4 TCR tg 

specific for a physiologically relevant, high affinity immunodominant IAV NP epitope 

allows for the natural development of effector cells, with the caveat that these cells started 

from a greater number (5x105-1x106) of naïve cells, of which there is only 10% engraftment 

reported during intravenous cell transfer (231), than what is physiologically relevant for an 

individual T cell clone of about 10-100 cells/106 naïve cells (232, 233). When these 6 day 

effector FluNP cells are transferred into an uninfected second host along with unpulsed, 

activated APC, they still form a memory population on day 21 of about 50 cells in the lung, 

100 cells in the dLN and 10,000 cells in the spleen (Figure 3.9C, black triangles) and these 

memory cells produce cytokines immediately on restimulation (Figure 3.14). Even though 

these high affinity FluNP memory cells were generated day 0-6 from IAV infection, 

established memory in the lung, dLN and spleen of second hosts and exhibited immediate 

cytokine production on re-stimulation, they still failed to protect the second host from lethal 

IAV challenge (Figure 3.27C). Just because memory cells can be detected in key tissues 

does not mean they can, or will, provide adequate protection against subsequent infection. 



 138 

There appears to be a certain threshold of memory numbers required for adequate 

protection, and this threshold is not reached in the absence of cognate antigen recognition 

at the effector checkpoint. 

In trying to understand how the memory FluNP cells generated from high peptide 

avidity stimulation at the effector checkpoint provided this enhanced protection, I 

hypothesized that it was either due to the dramatic fold increase in the number of these 

memory FluNP cells in the lung, dLN and spleen (Figure 3.10) or that increased peptide 

avidity at the effector checkpoint generated a better-quality memory cell. There was no 

striking difference in immediate cytokine production from spleen FluNP memory cells 

generated across all effector checkpoint peptide avidities, although about 1.5x more of the 

high NPT stimulated FluNP cells were IFNg+ (60%) compared with the low Q7 and 

unpulsed stimulated FluNP cells (~40%) (Figure 3.14). On a per cell basis, the FluNP 

memory cells generated from low Q7 effector checkpoint peptide Ag produced slightly 

more TNFa than their high NP311-325 stimulated counterparts (Figure 3.14). We have seen 

these results before in the OT-II system, where memory cells generated from effectors that 

received cognate Ag signals at the effector checkpoint produce more IFNg and less TNFa, 

while memory cells generated in the absence of effector checkpoint cognate Ag produce 

more TNFa and less IFNg (200). Production of TNFa by CD8 T cells in the lung has been 

shown to disrupt uninfected lung epithelial cells, cause severe tissue damage and is 

associated with severe influenza in humans (234-238). Additionally, expression of a TNFa 

inhibitor in the lung reduced tissue damage following influenza infection (239). Perhaps 

the increase in immediate TNFa production from our low peptide avidity generated 
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memory FluNP cells is enough to disrupt lung epithelial cells early during IAV challenge 

and increase the observed mortality seen in these mice (Figure 3.27) or exacerbate lung 

pathology during the secondary response. In future experiments, it will be critical to look 

at the cytokine profiles of these early secondary effector cells in the lung.  

I studied the secondary effector response of the memory FluNP cells to further parse 

out if enhanced protection was due to either the dramatic fold increase in the number of 

memory FluNP cells in the lung, dLN and spleen (Figure 3.10) or that increased peptide 

avidity at the effector checkpoint generated a better-quality memory cell. Since we know 

that secondary effector responses demonstrate slightly more rapid kinetics than primary 

responses (123), We looked at the secondary FluNP effector response at 5 dpi, to catch 

potential early effector differences, and at 8 dpi, the peak of the effector response (Figure 

3.1-2). We found an increase in the number of day 5 secondary FluNP effectors, following 

high avidity peptide stimulation at the effector checkpoint, in the lung, while there was no 

difference in FluNP numbers in the spleen or dLN (Figure 3.28B). It is unclear if the 

increase in day 5 secondary FluNP effectors in the lung stems from the pre-existing 

increase in number of day 21 memory cells in the lung (Figure 3.9C), increased or more 

rapid proliferation of these secondary effectors, or enhanced migration to the lung. On day 

21, there are about 104 memory FluNP cells in the lung of the high NPT stimulated group 

(Figure 3.9C), and on day 5 of the secondary response we see almost 105 FluNP cells in 

the lung (Figure 3.28B), suggesting that 10-fold proliferation, recruitment from other 

tissues, or some combination of the two result in this secondary FluNP effector cell number 

increase. One could test proliferation by including BrdU in the drinking water of the second 



 140 

host memory mice, and then compare BrdU labeling of day 5 secondary FluNP effector 

cells in the lung between the different peptide groups to look for increased frequencies of 

proliferating cells in the high compared to low groups. Testing migration may prove more 

challenging as these memory cells may rely on several different receptors to mediate 

movement to the lungs and particularly tricky for TEM cells as they do not express CD62L 

or CCR7, but one may try blocking migration to the lung with anti-CXCR3 antibody in 

junction with blocking egress from the dLN with FTY720.  

We also found that, not only were there more day 5 secondary FluNP effector cells 

in the lung, but a greater fraction of these cells expressed the ThCTL marker NKG2A/C/E 

(Figure 3.28C) and the Th1 transcription factor T-bet (Figure 3.28D). Perhaps increased 

peptide avidity at the effector checkpoint not only increases the number of memory cells, 

but also enhances the capacity of these memory cells to differentiate into ThCTL and Th1 

effectors more fully or more rapidly upon challenge. In future experiments it will be 

interesting to see if the increase in percent of ThCTL and Th1 markers of day 5 lung 

secondary FluNP effectors also shows increased cytotoxicity of NP-pulsed targets and 

diminishes or controls lung viral titers better than their low peptide avidity stimulated 

counterparts. 

In adult humans, with a long history of exposure to influenza viruses, many 

responses likely stem from existing memory cells (224-226). We find that efficient 

generation of secondary memory also requires effector checkpoint Ag recognition and is 

increased by high peptide avidity interactions (Figure 3.30). This contrasts with 

observations that memory responses in general are less dependent on Ag dose and 
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costimulation than primary responses (123). We suggest that secondary effector functions, 

stemming from primary memory cells, have a lower activation threshold than their naïve 

counterparts (123) are more easily achieved in part due to the poised epigenetic landscape 

at effector gene loci (116-119), but when forming new secondary memory, stringent 

regulation is again in place to avoid the generation of unnecessary memory cells and select 

only those with high affinity for persistent Ag in the context of infection. 

Additional potential roles of effector checkpoint cognate Ag 

In our studies, the impact of effector checkpoint peptide avidity on memory was 

consistently more dramatic in lung and dLN, compared to the spleen. One likely 

explanation for this is that higher avidity peptide also promotes effector migration from the 

spleen to the lung, so the impact of peptide avidity is less apparent in the spleen. We and 

others have shown that effector checkpoint Ag recognition and strong Th1 skewing 

promote greater expression of CXCR3 by effector cells, promoting their trafficking to 

tissue sites (105, 200, 212, 213). The results are particularly striking here, because in the 

2nd host there is no infection or inflammation in the lung to attract FluNP effectors. Thus, 

we suggest peptide avidity at the effector checkpoint also regulates migration to the tissues.  

We looked at CXCR3 expression on day 21 memory FluNP cells generated from 

high, mid, low and no peptide avidity stimulation back at the effector checkpoint and found 

that high avidity compared to unpulsed increased the fraction of CXCR3+ memory FluNP 

cells in the spleen, dLN and lung by about 2-fold (Figure 3.13B), consistent with our 

previous findings in the OT-II system (200). However, we saw no clear or obvious pattern 

comparing the fraction of CXCR3+ memory FluNP cells in the spleen, dLN and lung 
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between high, mid and low avidity stimulated groups. There are several possibilities as to 

why there is no clear pattern in CXCR3 expression on memory cells. The first is that 

CXCR3 expression on CD4 memory may be a digital on/off response to TCR stimulation 

as opposed to graded levels of expression based on peptide avidity (215). This notion fits 

with our data here and our previously published results (200) that show peptide stimulation 

compared to no stimulation at the effector checkpoint promotes more CXCR3 expression, 

but there are no differences between different peptide avidity groups (Figure 3.13). A 

second explanation is that signals during priming are sufficient to induce CXCR3 

expression on 40-60% of day 21 donor memory FluNP cells and that cognate Ag 

interaction at the effector checkpoint has a limited or no role in CXCR3 induction. A third 

possibility is that the truth lies somewhere in the middle, that signals both during priming, 

and to some extent, during the effector checkpoint synergize to induce CXCR3 expression 

on the resultant CD4 memory cells. More work is needed to tease apart how effector 

checkpoint cognate Ag interactions influence CXCR3 expression on CD4 memory. 

Another area of key interest is to what extent does effector checkpoint cognate Ag 

and peptide avidity impact TCM and TEM in the spleen and dLN, and TRM formation in the 

lung. We found the frequency of TCM cells in the spleen and dLN equivalent between the 

different NP peptide stimulated groups, about 20% of all memory FluNP cells (Figure 

3.12). We observed that the frequency of TEM in the spleen and dLN decreased in 

conjunction with peptide avidity (Figure 3.12). A previous report has shown that prime-

boost vaccine strategies increase frequencies of CD8 TEM with each additional boost (192), 

so the increase in FluNP TEM frequency in the spleen and dLN, resulting from increased 
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peptide avidity, may reflect that the strength of the boost, in this case mediated by effector 

checkpoint cognate Ag, can also increase the frequency of TEM cells. The frequencies of in 

situ FluNP TEM (~75%) and TCM (~25%) induced in the spleen following IAV infection 

(Figure 3.5E) compared to those induced by the high peptides NPT and NP311-325 on day 

21 in the sequential transfer model (TEM ~80%, TCM ~20%) are roughly equal. This 

demonstrates that high avidity peptide Ag at the effector checkpoint, without infection, can 

induce the same frequencies of TEM and TCM as IAV infection, and that as peptide avidity 

decreases, the total number memory FluNP cells and TEM frequency of FluNP cells falls 

while the frequency of TCM cells remains relatively stable. As all FluNP cells received 

signals from infection and Ag days 0-6 of the immune response, perhaps these early signals 

are sufficient to promote ~20-25% of the memory population to become TCM, while peptide 

avidity and additional Ag stimulation promote a greater number of total memory cells and 

a greater frequency of TEM cells.  

The TRM frequency, as measured by CD69 expression of day 21 donor FluNP 

memory cells in the lung, increased following stimulation at the effector checkpoint with 

peptides of increasing avidity (Figure 3.12D). To call these FluNP cells true TRM, we must 

further characterize their lung tissue residence by using i.v. antibody labeling to distinguish 

between cells close to the vasculature (i.v. Ab+) from those that are truly imbedded in the 

tissue and not near blood vessels (i.v. Ab-). Comparing the TRM frequencies of lung 

memory FluNP cells generated from in situ IAV infection (~50%) (Figure 3.5E) to memory 

FluNP cells generated from high avidity NP peptides in the sequential transfer model 

(~25%) (Figure 3.12E), we notice a two-fold reduction in TRM frequencies in the absence 
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of continuing infection through the effector checkpoint. Although 6 day FluNP effector 

cells received high avidity cognate Ag in the sequential transfer system, this did not 

generate as much TRM, by CD69 expression, as did in situ IAV infection. This suggests that 

both IAV infection from day 0-6 and high avidity peptide stimulation at the memory 

checkpoint is not sufficient to generate the same frequency of TRM as the full duration acute 

IAV infection. 

IL-2 as a master regulator of effector T cell survival 

We found previously that Ag presentation to effector CD4 T cells at the effector 

checkpoint induces autocrine IL-2 signaling, which prevents their default apoptosis and 

thus supports formation of memory cells (200, 201). In this thesis, we show that increased 

peptide avidity at the effector checkpoint does not impact the proliferation of 6 day FluNP 

effectors in vivo 3 dpt (Figure 3.16) or 2 dpt (Figure 3.15E), but does increase the amount 

of IL-2 produced by these FluNP effectors (Figure 3.22A-C) and leads to a dramatic 

increase in short term effector survival (Figure 3.17). In each organ, comparing the high 

avidity peptide stimulated group to the unpulsed group, there was more than a 100-fold 

increase donor FluNP effector cells recovered 3 dpt and very few total number of donor 

FluNP cells recovered in the unpulsed groups (spleen ~103, dLN ~500 and lung ~50) 

(Figure 3.18). At this timepoint 3 dpt in all tissues, even the low avidity peptide results in 

20-40-fold more effector FluNP cells recovered compared with unpulsed APC (Figure 

3.18). We find that the number of FluNP effectors recovered 3 dpt (Figure 3.18) is 

proportional to the size of the memory population at day 21 (Figure 3.9C). The observed 

increase in IL-2 production by 6 day FluNP effectors with increasing avidity and dose of 
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Ag (Figure 3.22A-C), clearly links the effect of effector checkpoint peptide avidity to IL-

2 production, rescue of effectors 3 dpt and thus increased memory formation by day 21.  

However, CD25 was either transiently expressed or not expressed on most CD4 

effectors (Figure 3.21), raising the possibility that optimum autocrine IL-2-mediated 

survival of effectors might be regulated by something in addition to IL-2 binding to IL-2R 

complex on the CD4 T cell. The IL-2R has two forms, the low affinity IL-2R, comprised 

of CD122 (IL-2Rb) and CD132 (IL-2Rg), and the high affinity IL-2R, comprised of CD25 

(IL-2Ra), CD122 (IL-2Rb) and CD132 (IL-2Rg). The affinity of IL-2 for IL-2Ra alone 

(KD ~10-8 M) (240, 241), IL-2Rb/g (KD ~10-9 M) (242) and the high affinity IL-2Ra/b/g 

(KD ~10-11 M) (243) increases by 10-100 fold as the full tripartite receptor is assembled. 

IL-2 signaling is mediated by the cytoplasmic tails of the IL-2Rb and IL-2Rg (244, 245), 

while IL-2Ra contains no signaling domain and its main role is to increase the affinity of 

the high affinity IL-2Ra/b/g (246). Another interesting aspect of the high affinity IL-

2Ra/b/g is that the IL-2Ra appears to make no contacts with IL-2Rb/g (247), instead IL-

2Ra binds to free IL-2 and this IL-2Ra-IL-2 complex concentrates at the cell surface and 

engages the IL-2Rb/g signaling domain (248). 

Another survival cytokine, IL-15, which shares IL-2Rb/g with IL-2, is presented in 

trans when bound to IL-15Ra on APC while signaling through IL-2Rb/g on the T cell 

(217-219). The affinity of IL-15 for the IL-15Ra is about 10-10-10-11 M (249-252), which 

is roughly equivalent to the high affinity of the IL-2Ra/b/g complex for IL-2. Interestingly, 

the IL-15Ra/b/g complex demonstrates the same affinity for IL-15 as the IL-15Ra alone 
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(253). By comparison, IL-2Ra-IL-2 affinity (KD ~10-8 M) is 100-1000-fold lower than IL-

15Ra-IL-15 (KD=10-10-10-11 M).  

Previous studies reported that activated APC can express CD25 in both mice and 

humans (220, 254). We found that several subsets of activated APC in mice infected with 

IAV 4-8 d earlier (Figure 3.23) and the activated BMDC we use as APC all express high 

levels of CD25 (Figure 3.24). There are also various reports in the literature which suggest 

IL-2 might be presented in trans by the IL-2Ra (220-222). I hypothesized that CD25 (IL-

2Ra) expression on APC at the effector checkpoint might increase the local affinity of IL-

2Rb/g on effector FluNP cells for the IL-2 these cells produce in response to peptide Ag, 

therefore increasing effector FluNP survival to memory. We tested CD25 deficient APC 

and found they drove less memory formation compared to WT APC in vivo (Figure 3.26). 

This suggests that Ag/APC transpresent autocrine IL-2 to the interacting CD4 T cells, 

increasing IL-2 availability at the time CD4 effectors do not express CD25, and driving 

greater effector survival and memory formation (Figure 4.1). Thus, we suggest infection 

provided pathogen recognition (PR) signals that activate APC, enhancing their CD25 

expression, as well as MHC-II and costimulatory ligands, so they efficiently present both 

peptide Ag and CD4 effector-produced IL-2. We suggest this mechanism evolved to 

require that infection provide high avidity Ag at a high dose, and APC activation by PR 

signals, to promote optimum effector transition to memory, especially in the lung, the site 

of infection. This mechanism would restrict memory generation to situations where virus 

is still replicating and providing PR signals at the effector stage. Thus, effective vaccine  
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Figure 4.1. A model illustrating how effector checkpoint cognate Ag 
improves effector CD4 T cell survival by a novel autocrine IL-2 signaling 
mechanism 
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Figure 4.1. A model illustrating how effector checkpoint cognate Ag 
improves effector CD4 T cell survival by a novel autocrine IL-2 signaling 
mechanism 
 
An effector CD4 T cell (green) engages Ag/APC (blue) through pMHC-TCR interaction. 

The CD4 T cell produces IL-2 in response to TCR engagement in a peptide avidity-

dependent manner, with strong interactions resulting in more IL-2 production. Activated 

APC express CD25 (IL-2Ra) at this time and acts to present IL-2 in trans to IL-2Rb/g 

(CD122/CD132) expressed on the surface of the effector CD4 T cell. This interaction 

promotes the survival of this effector cell to memory. 
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strategies likely need to provide high dose, high avidity Ag and PR signals again during 

the T cell effector phase. 

Implications for vaccine design  

The impressive impact of Ag avidity for TCR in determining the size of the memory 

pool from both primary (Figure 3.9C) and secondary (Figure 3.30) CD4 effectors indicates 

that both a high dose of available peptides and CD4 effectors bearing TCR with high 

affinity for some of those peptides are strictly required for robust memory generation. 

Because of the heterogeneity of human class-II, only a fraction of total potential viral 

epitopes will be immunodominant in each individual, which also argues for vaccines 

expressing a breadth of proteins. This implies immunization with a wide range of viral 

proteins, including those with known immunodominant CD4 epitopes, will be more 

effective in inducing memory than single proteins or epitopes. A broader repertoire of high 

affinity memory CD4 T cells also should lower the likelihood that escape variants, which 

arise by random mutations and selection, will have the opportunity to develop and escape 

a broad CD4 T cell response so they can be passed on, since this would require multiple 

mutations. Many of the immunodominant T cell epitopes, such as the FluNP NP311 used 

here, are in core proteins of viruses, not in the viral surface proteins that B cells recognize, 

thus it follows that vaccines should include both core and surface protein epitopes, to elicit 

both T and B cell immune memory, including heterosubtypic determinants which may 

escape recognition by antibodies to external surface proteins that are known to mutate, like 

influenza HA.  



 150 

 Since more memory is generated when CD25 is expressed by activated APC, our 

studies re-affirm that vaccines need to provide continuing PR signals that directly activate 

APC. Our results predict that in polyclonal responses, the requirement for high avidity of 

TCR for Ag/APC will serve to select a spectrum of memory cells of higher affinity than 

the effector population. This should result in more effective protection in the real-life 

polyclonal situation. An advantage of vaccines is that they can supply these signals in a 

less dangerous context than infection.  Additional studies are needed to support these later 

implications in detail, but we suggest that the overall purpose of the requirement for a high 

avidity interaction at the effector stage is to provide more memory cells with higher affinity 

for the infecting virus, while not allowing memory when virus does not persist at high 

levels into the effector stage, or there is no replicating infectious entity. 

Because mRNA-LNP vaccines provide both inflammatory signals that may better 

activate APC (54), and demonstrate the ability to provide Ag for a longer duration through 

the effector checkpoint (53), they are an exciting new approach to lower the risks of 

infectious diseases. The immune system relies heavily on redundant mechanisms to 

achieve desirable outcomes. A clear example of this is how T and B cells work in 

conjunction to clear primary infections and provide life-long immunity. However, a glance 

at any clinical vaccine trial highlights that all primary outcome measures, the information 

that informs FDA approval decisions, reflect the antibody response. Policy makers must 

consider the fault in excluding T cell data from these decisions. 

Using the conclusions drawn from this thesis and many other excellent studies, I 

propose a new paradigm in vaccine strategy. Since mRNA-LNP vaccines provide both 
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signals to activate APC fully and long duration of available Ag, and have demonstrated the 

ability to promote both T and B cell responses and protection, they are an excellent 

technological tool to provide life-long immunity to patients. However, we must be very 

strategic in how we design mRNA payloads, as immunizing against a single protein or 

epitope may not be the most effective strategy. It is important to include a wide breadth of 

potentially immunodominant Ag to avoid selecting for escape mutants. In the current prime 

on day 0 and boost on day 21 model, the effector checkpoint is entirely missed. We have 

quickly accepted the need to return to the clinic for a three-week follow-up booster shot. I 

propose that following day 0 intramuscular immunization with mRNA-LNP, we boost with 

an intranasal LAIV at day 6, followed by another mRNA-LNP boost at day 21. Following 

the first dose, a practitioner can send the patient home with an inhalable LAIV to be taken 

with a telehealth appointment, mitigating any need to return to the clinic. This second dose 

provides both local Ag and inflammation at the site of infection at the right time required 

for optimal T cell memory. This strategy may provide both strong inflammatory signals to 

fully activate APC to express CD25 and provide effector checkpoint cognate Ag 

interactions to responding primary effector and already established memory T cells, as both 

primary and secondary effectors demonstrated that high avidity effector checkpoint Ag 

induced optimal T cell memory. Future experiments may study how modulating functional 

avidity at the effector checkpoint, by using peptides with different affinities for TCR or the 

same affinity but with different Ag doses impacts T cell memory formation. Of clinical 

relevance, it would be very interesting to perform a meta-analysis of different vaccine 

studies in people to compare the duration of Ag presentation and the activation status of 
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APC, specifically CD25 expression, following immunization and see if either increased 

duration of Ag presentation or APC CD25 expression correlated with improved vaccine 

efficacy or more T cell memory. 
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