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Abstract 
 

Factors impacting the generation and maintenance of CD8+ tissue-resident memory T cells 
following respiratory immunization 

 
By Jenna L. Lobby 

 
 
 Despite the availability of a seasonal vaccine, influenza virus remains a critical burden to 
human health. The limited efficacy of current influenza vaccine strategies is largely due to the 
virus’ ability to evade established antibody responses. One potential strategy to achieving broad, 
long-lasting protection is to develop a T-cell based vaccine that recognizes conserved internal 
epitopes. While cellular immunity cannot prevent influenza infection, pre-existing antiviral T cells 
can limit viral replication and disease severity. Lung tissue-resident memory CD8+ T cells (CD8+ 
TRM) are a subset of memory T cells that remain localized within the lung tissue, where they 
provide rapid protection against viral challenge. However, CD8+ TRM in the lung gradually decline 
over time, correlating with a decline in cellular immunity to respiratory infection, including 
influenza. Currently, our knowledge of the mechanisms governing the maintenance of tissue-
resident memory CD8+ T cells in the lung remains limited.  
 The data presented in this thesis identify mechanisms driving generation and maintenance of 
lung-resident CD8+ TRM in the context of two common vaccination strategies known to promote T 
cell immunity: recombinant adenovirus and live attenuated influenza vaccine (LAIV). Firstly, 
studies using adenovirus expressing influenza nucleoprotein (AdNP) have shown that NP antigen 
persists in immunized animals, resulting in protective CD8+ lung TRM being maintained long-term. 
Using a lineage tracing approach, we identify alveolar macrophages as the cellular source of 
persistent NP antigen in the lungs of AdNP-immunized mice. Importantly, depletion of alveolar 
macrophages following AdNP immunization results in significantly reduced numbers of NP+ 
CD8+ lung TRM.  
 LAIV elicits both humoral and cellular immune memory in children, but its efficacy is limited 
in adults. We hypothesized that pre-existing immunity from past infections and/or immunizations 
prevents LAIV from boosting or generating de novo CD8+ TRM. Using a series of mutated LAIV 
strains with varying capabilities of escaping pre-existing immunity, we determine that both pre-
existing humoral and cellular immunity can limit the effectiveness of LAIV.  
 Combined, these studies identify several mechanisms that impact the generation and durability 
of cellular immunity in the lung. Together, the findings presented here will guide future cell-
mediated vaccine strategies against respiratory pathogens.   
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Chapter I: Introduction 
Influenza & human health 

 Despite the availability of a seasonal influenza vaccine, millions worldwide are infected 

with the virus each year, with annual deaths reaching into the hundreds of thousands1. Improved 

vaccine strategies that result in cross-protective immunity against a range of influenza virus strains 

are therefore greatly needed. Influenza virus is a negative-sense single-stranded RNA virus that 

typically causes acute infection of the respiratory tract. Symptoms of influenza infection range in 

severity and include local inflammation, as well as a sudden onset of fever, cough, headache, sore 

throat, runny nose, and/or muscle and joint pain. Although most people recover from symptoms 

within 1-2 weeks without requiring medical care, high risk individuals (e.g., elderly over the age 

of 65, young children, pregnant women, individuals with chronic illness, and 

immunocompromised individuals) are still at risk for severe illness. Occasionally, primary 

influenza infection results in the development of viral or bacterial pneumonia and can even lead to 

death. According to the World Health Organization (WHO), seasonal influenza epidemics are 

responsible for an estimated 3 to 5 million cases of severe illness and approximately 290,000 to 

650,000 deaths2. In addition to the potential loss of life, annual influenza outbreaks pose a threat 

to global economies and overall wellbeing due to the cost of healthcare and a loss of productivity 

from missed work & school.  

 

Influenza virology  

There are four types of seasonal influenza virus: Type A, Type B, Type C, and Type D. 

Influenza A and B viruses circulate within the human population and are responsible for seasonal 

influenza epidemics. Type C influenza is detected far less frequently within the human population. 
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To date, Type D influenza virus has not been known to infect humans, although its inability to do 

so has not been conclusively proven. All four types of influenza viruses are enveloped negative-

sense single-strand RNA viruses with a segmented genome2.  Influenza A and influenza B viruses 

contain eight RNA segments that encode for 16 proteins (influenza C and influenza D viruses each 

contain seven segments) 3. The polymerase segment codes for the viral polymerase proteins PA, 

PB1, and PB2. The nonstructural gene segment encodes NS1 and NS2. NS1 antagonizes the host 

antiviral defense by blocking activation of the dsRNA-activated protein kinase R (PKR), thereby 

allowing viral gene transcription to occur4. NS2, also known as nuclear export protein (NEP), 

mediates export of assembled influenza virus ribonucleoprotein complexes from the nucleus5. The 

matrix gene segment encodes three proteins: the matrix protein M1, the ion channel protein M2, 

and the protein M426.  The nucleoprotein (NP) encapsulates the influenza virus genome, helping 

to maintain its single-stranded structure.  

The hemagglutinin (HA) and neuraminidase (NA) viral glycoproteins are located on the 

influenza virus outer capsid and help mediate viral entry and release, respectively. Influenza gains 

entry to permissive cells (e.g., epithelial cells lining the respiratory tract) via the binding of its HA 

to sialic acid residues and the target cell surface. After binding to sialic acid, HA must be cleaved 

to induce membrane fusion and result in a productive infection3. NA mediates the release of 

nascent influenza virions by cleaving sialic acid residues on the epithelial cell surface.  Influenza 

A viruses are further classified into subtypes according to the specific combination of HA and NA 

glycoproteins on the virions’ cell surface. Currently, influenza A(H1N1) and A(H3N2) are 

circulating within the human population2.  

Influenza HA and NA are the main targets of protective antibodies made by B cells against 

influenza virus. Antibodies are typically directed against the head domain of the HA glycoprotein 
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and provide protection by preventing virus from binding to the receptors on target cells. However, 

due to the segmented nature of influenza’s RNA genome structure, antigenic drift and antigenic 

shift (e.g., reassortments) often occur within the genome7-9. Therefore, the HA and NA proteins 

are highly variable. Antigenic drift occurs when mutations accumulate in the virus’ RNA genome 

during replication because of the error-prone nature of the viral polymerase10. Mutations due to 

antigenic drift typically occur within the head region of the HA glycoprotein, where the antibody 

binding sites for anti-HA antibodies are located, thereby rendering pre-existing antibodies made 

during a previous infection less effective against mutated strains when they enter circulation9. 

Because these random mutations typically occur within the head region of the HA protein, 

antibody-mediated immune responses exert selection pressure on the circulating seasonal 

influenza strains11, 12. Influenza strains with variant HA head sequences can therefore be selected 

for at high frequencies in the population, consequently making individuals more at risk for re-

infection during subsequent influenza seasons. 

Whereas antigenic drift describes escape mutations that accumulate gradually over time, 

antigenic shift is less common and results in a more dramatic, sudden change in the virus’ genome8, 

10. Antigenic shift occurs when two different influenza strains infect the same host cell. This allows 

for potential reassortment, or the interchange of RNA segments, to occur between influenza virus 

strains of the same type (e.g., between two influenza A viruses or between two influenza B strains). 

What results is a new subtype of influenza virus that has a combination of HA and NA surface 

proteins derived from the original strains. This new subtype is different from previously circulating 

strains, and therefore, cannot be neutralized by pre-existing antibodies already established within 

the human population13-15. Pandemics, such as the 2009 H1N1 swine influenza, are a serious 

consequence of the combined results of antigenic drift and shift. For example, the 2009 H1N1 
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influenza virus arose from swine strains independently circulating throughout North America and 

Eurasia. Multiple reassortments and mutations within porcine hosts resulted in a novel strain that 

was transmissible to and between humans and could evade pre-existing antibodies16.  

 

The immune response to influenza virus 

Innate recognition of influenza infection  

Influenza A virus (IAV) infects epithelial cells lining the respiratory tract. Human influenza 

A viruses preferentially bind receptor sialyl sugar chains that have SA⍺2,6Gal sequences17, 18. This 

restriction helps limit the infection to the respiratory tract. Epithelial cells, as well as dendritic cells 

(DCs) and alveolar macrophages, detect the presence of virus through recognition of pathogen-

associated molecular patterns (PAMPs) by their pattern-recognition-receptors (PRRs) 19. One 

major class of PRRs that recognize respiratory viruses are the Toll-like receptors (TLRs): TLR3, 

7, and 9 are located on late endosomes and recognize dsRNA, ssRNA, and unmethylated CpG 

DNA, respectively20-23.  Each of these TLRs leads to transcription of interferon (IFN)-inducible 

genes which help to control the infection24. In addition, viral nucleic acids are recognized in the 

cytosol by retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 

(MDA5). Signaling through these pathways leads to activation of IFN regulatory factor (IRF) and 

nuclear factor-κB (NF-κB) 25.  

When PRRs recognize pathogen-associated molecular patterns (PAMPs) on the virus, a 

cascade of cytokines and chemokines are released by alveolar macrophages, DCs, and epithelial 

cells that help drive recruitment of innate immune cells into the infected lung. Type I interferons 

(IFN-⍺ and IFN-β) are early mediators of the antiviral response in the lung and are largely 

produced by plasmacytoid DCs (pDCs) and alveolar macrophages26-28. IFN ⍺/β signal to nearby 
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cells to release pro-inflammatory cytokines such as TNF-⍺, IL-1β, and IL-629, 30. These pro-

inflammatory cytokines signal to other cells to produce inflammatory chemokines such as CCL2, 

CCL5, CXCL8, and CXCL10 to recruit innate immune cells such as neutrophils, natural killer 

(NK) cells, and monocytes to the inflamed lung31. During a primary IAV infection, DCs produce 

waves of chemokines that predominantly recruit neutrophils and NK cells to the lung32. NK cells 

directly recognize IAV-infected cells when their activating receptor, NCR1, interacts with 

influenza HA33. This results in cytolysis of the infected cells and increased IFN-ɣ production by 

the NK cells34-36. Furthermore, the early inflammatory milieu in the lung helps promote maturation 

and trafficking of DCs to the draining lymph nodes. This process is dependent on expression of 

the chemokine-receptor CCR7 by the DCs to facilitate entry into lymph nodes37-39. Trafficking of 

DCs from the lung to lymphoid tissues is vital to establishing the adaptive response to respiratory 

infections.  

 

Dendritic cells and the initiation of the adaptive response 

 Although the innate immune response to influenza successfully dampens the early stages 

of infection, it is the adaptive response that ultimately eliminates the virus40. Following influenza 

infection, lung resident DCs that lie close to the airway epithelium and within the lung parenchyma 

(e.g., interstitium) encounter virus or viral antigens and become activated38, 39. In the context of 

influenza infection, most DCs present antigen after being directly infected by the virus. However, 

they can also acquire antigen by phagocytosing infected cells or virions41. These activated DCs 

upregulate expression of molecules involved in antigen presentation, such as MHC-II and T cell 

costimulatory molecules CD80, CD86, and CD40, and they then migrate from the lung through 

the draining lymphatics to secondary lymphoid organs (mainly the mediastinal lymph node 
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(MLN)) by following a gradient of CCL21 in a CCR7-dependent manner37-39, 42, 43. The migration 

of mature respiratory DCs carrying IAV antigens from the respiratory tract to the MLN is crucial 

for initiating the T cell response against influenza infection.   

There are several subsets of DCs that are important for mediating the adaptive response 

against influenza infection. Four subsets of CD11c+ Siglec F- DCs that have been identified in the 

respiratory tract based on MHC expression and other surface markers include: (1) CD103+ DCs, 

(2) CD11bhi DCs, (3) monocyte derived DCs, and (4) the previously mentioned plasmacytoid DCs 

(pDCs) 42. Within the first few days of infection, CD103+ DCs, which mainly reside within the 

airway mucosa, are the most efficient at priming influenza specific CD4+ and CD8+ T cells. 

CD11bhi DCs preferentially localize to the submucosa and lung parenchyma and continually 

present influenza antigens at later timepoints44. It has been shown that both CD103+ and CD11bhi 

DCs are minimally represented in the mediastinal lymph node under steady state conditions but 

accumulate in the lymph node following influenza infection42.  

 

T cell response to influenza 

 After migrating to the lymph node, DCs present influenza antigens to naïve CD8+ and 

CD4+ T cells via MHC class I (MHCI) and MHC class II (MHCII), respectively. The majority of 

the CD8+ T cell response is directed towards internal proteins including NP, PA, PB1, and M1. In 

contrast, CD4+ T cells recognize epitopes derived from both external proteins, HA and NA, and 

the internal proteins NP, PA, and PB145-52. During an acute influenza infection, effector T cells 

(Teff) proliferate approximately every 6-8 hours, resulting in a substantial increase in their 

population size53, 54. Following activation, effector T cells also upregulate expression of adhesion 

molecules and begin migrating towards the infected respiratory tract. Effector T cells are first 
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observed in the lung 6-7 days post-infection with influenza. Their migration depends on several 

different chemokines and chemokine receptors. For example, the chemokine receptor CXCR3 

plays a large role in directing both CD4+ and CD8+ T cells to the lung55, 56. In addition, CD4+ 

influenza-specific effector T cells increase expression of CCR4 after they are activated by DCs. 

This facilitates their homing to the infected lung by binding MCP-1, MIP-1⍺, and CCL557. Studies 

of the human lung have also demonstrated that CCR6 and CXCR3 may be important for trafficking 

of CD4+ effector T cells to the lung58. CD8+ effector T cells upregulate surface expression of 

CXCR4 and follow a gradient of CXCL12 secreted by neutrophils recruited during the initial 

stages of infection59. CD8+ T cells have also been shown to require CCR5 to migrate from the 

airways to the lung parenchyma60. Once in the inflamed lung tissue, effector T cells need to see 

their cognate antigen again (either in the context of infected cells or antigen presenting cells 

(APCs)) to gain full effector function. This secondary antigen exposure is partially mediated by 

CXCL10, which directs effector T cells to antigen depots in the lung via CXCR361.  

 There are several mechanisms by which effector T cells clear influenza infection. The main 

function of CD8+ effector T cells during infection is to kill influenza-infected cells. Cytotoxic 

CD8+ T lymphocytes (CTLs) mediate cell killing by either initiating apoptosis via engagement of 

the surface cell death receptors Fas-FasL and TRAIL-DR5, or by perforin/granzyme B-dependent 

granule exocytosis62-65. When infected cells are lysed, additional PAMPs and danger-associated 

molecular patterns (DAMPs) are released that further recruit the innate branch of the immune 

system. CD8+ effectors also produce a variety of pro-inflammatory cytokines, including IFN-ɣ, 

TNF-⍺, and IL-2, which help control the infection66, 67. Interestingly, studies have shown that CD8+ 

T cell function depends on the strength of TCR signaling. For example, strong TCR signaling 
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favors cytokine production, whereas weaker TCR signal strength correlates with cytolytic 

activity68-70.  

Antigen-experienced CD4+ T cells also produce pro-inflammatory cytokines and 

predominantly adopt a Th1 phenotype during influenza infection, although a small portion 

differentiates into Th17 cells, which have been shown to be particularly effective against a high-

dose influenza virus challenge70. In addition, CD4+ effector T cells can adopt a T follicular helper 

(Tfh) phenotype or become a “killer CD4+” T cell. Tfh cells are crucial for the generation and 

maintenance of germinal center responses. Like cytotoxic CD8+ T cells, cytotoxic CD4+ T cells 

can directly kill virus-infected cells via perforin and granzyme B66, 71. CD4+ T cell differentiation 

is influenced by cytokine (e.g., IL-21 promotes Tfh development, whereas IL-2 favors formation 

of cytotoxic CD4+ T cells) and TCR-MHCII affinity (e.g., high affinity favors Th1 development) 

72, 73. Combined, these effector functions result in a rapid decline in lung viral load beginning at 

day 7 post-infection. Influenza virus is typically cleared from the lung by day 10 post-infection 

(this coincides with when effector T cell numbers are at their peak in the lung tissue) 74, 75.   

While pro-inflammatory cytokines such as IFN-ɣ, TNF-⍺, IL-1β, IL-6, and IL-17 help to 

control influenza infection, they also inflict collateral damage to the lung tissue. An overwhelming 

production of pro-inflammatory cytokines, also known as “cytokine storm,” is typical in patients 

with extreme cases of influenza infection (e.g., during pandemic outbreaks). Damage to the 

respiratory tract is also caused by the cytolytic granules released by cytotoxic lymphocytes in their 

effort to eliminate infected cells. Luckily, in addition to pro-inflammatory cytokines, both CD4+ 

and CD8+ effector T cells produce anti-inflammatory cytokines that help minimize tissue 

damage66, 67. For example, influenza-specific CD8+ effector T cells are major producers of IL-10 
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during acute influenza infection. Importantly, eliminating IL-10 signaling results in pulmonary 

inflammation that increases mortality in mice following infection with IAV67.  

 

T cell memory 

 Following clearance of influenza virus, the majority (~90-95%) of the expanded effector T 

cell population dies by apoptosis. What remains is a heterogeneous pool of long-lived, antigen-

experienced memory T cells. Memory T cells are divided into three subsets based on effector  

function(s), migration pattern, and proliferative capacity76. Central memory T cells (TCM) are 

mainly found in peripheral circulation and secondary lymphoid organs (SLO) such as the spleen 

and lymph nodes. TCM express high levels of CD62L (L-selectin) and CCR7, both cell surface 

markers known to facilitate entry into lymph nodes77, 78. TCM produce IL-2 and proliferate 

extensively upon antigen re-encounter. Effector memory T cells (TEM) are also found in the blood, 

spleen, and lymphoid organs. However, they can also traffic through peripheral tissues such as the 

lung, liver, kidney, GI tract and reproductive tract. Migration into the lung depends on several 

adhesion molecules, including the integrin VLA-1 and chemokine receptors CXCR3 and CCR561, 

79. This is discussed in further detail below. TEM do not express CD62L or CCR7 and are therefore 

found in much lower numbers in the lymph nodes compared to TCM76, 80, 81. Although TEM are much 

less proliferative compared to TCM, they rapidly produce IFN-ɣ upon antigen re-encounter in the 

peripheral tissues. A third subset of memory T cells, the tissue-resident memory T cells, will be 

discussed in more detail below. 
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Development of T cell memory during influenza A virus infection 

The ability of an effector T cell (KLRG1lo CD127(IL-7R⍺)lo) to transition into a memory 

cell precursor (KLRG1lo CD127hi) is determined early during T cell priming and depends on 

several factors, including cytokine/chemokine exposure, transcription factor expression, and 

costimulatory molecule signaling82, 83. Memory T cell precursors express a unique transcription 

factor profile that includes Eomes, ID3, Bcl-6, STAT3, Tcf1, Hobit, and Runx384, 85, and epigenetic 

modifications can also impact differentiation into effector and memory T cell subsets86. The 

inflammatory environment within the host also influences the formation of long-lived memory T 

cells87. For example, blocking IFN-ɣ within the lung during IAV infection has been shown to 

increase accumulation of both effector and memory CD8+ T cells in the lung88. Furthermore, at 

later stages of IAV infection, the inflammatory environment of the lung favors memory T cell 

formation. It follows logically that effector T cells entering the lung over the course of an IAV 

infection encounter differing levels of inflammation. As previously mentioned, innate effector 

cells in the lung during the early stages of infection produce pro-inflammatory cytokines, such as 

IFN-ɣ, in response to virus still present in the tissue89. In addition, DCs present antigen to effector 

T cells, thereby expanding the inflammatory milieu in the inflamed lung90. These cytokines 

promote terminal differentiation of the expanding Teff population, skewing them away from a 

memory T cell phenotype. However, in addition to pro-inflammatory cytokines, CD8+ Teff and 

regulatory T cells (Tregs) within the lung also produce regulatory cytokines such as IL-1067, 91, 92. 

IL-10 has been shown to induce formation of memory precursors via STAT3 signaling93. 

Therefore, as IAV infection progresses, the cytokine milieu more favorably promotes formation 

of memory T cells.  
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CD8+ tissue-resident memory T cells   

Whereas TCM and TEM populations recirculate through the bloodstream to patrol lymphoid 

and peripheral tissues, respectively, tissue-resident memory T cells (TRM) do not re-enter 

circulation, and instead, permanently remain within the tissue. To date, TRM have been identified 

predominantly in barrier tissues such as the skin, gut, lung, and genital tract94-97. At these barrier 

sites, TRM act as sentinels of the immune system by accelerating control against pathogen re-

exposure94, 98, 99. Canonically, CD8+ TRM are identified by expression of the surface markers, CD69 

and CD103, which both help to promote residence. Cells in the bloodstream typically do not 

express the C-type lectin, CD69. When T cells are activated via cytokine and TCR stimulation, 

CD69 is expressed and begins forming a complex with the S1P receptor, S1PR1. Normally, S1PR1 

binds the sphingolipid metabolite, S1P, which is found in high concentration in the bloodstream, 

thereby promoting cell egress from the tissue100. However, upon binding with CD69, S1PR1 is 

internalized and destroyed101. As a result, T cells are retained within the tissue. Interestingly, it has 

recently been demonstrated that the functional relevance of CD69 in the generation and 

maintenance of CD8+ TRM may vary by tissue location. For example, CD69 had no considerable 

role in formation of CD8+ TRM in the small intestine but did promote CD8+ TRM generation in the 

kidney102. Furthermore, since CD69 expression occurs in response to TCR stimulation and 

cytokines, it can be transiently expressed by recirculating T cells103. The requirement for 

expression of CD103 (integrin chain ⍺E) as a marker for residence has also been shown to vary 

with tissue location. CD103 is encoded by the gene ITGAE and binds E-cadherin expressed on the 

surface of epithelial cells lining the respiratory tract.  

 The unique molecular signature of TRM, including the expression of CD69 and CD103, is 

controlled by a key set of transcription factors. Expression of CD69 and CD103 is controlled by 
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elevated levels of Runx3104. Expression of the transcription factors Blimp-1 and Hobit is also 

associated with downregulation of molecules responsible for T cell exit from tissue105. During their 

development, exposure of TRM to the cytokines TGF-β, TNF-⍺, and/or IL-33 results in 

downregulation of the transcription factor KLF2 and its target S1P1106. As previously mentioned, 

S1P1 mediates tissue egress. The TRM transcriptional signature is also characterized by 

downregulation of the T-box transcription factors T-bet and Eomes. TGF-β signaling results in 

coordinated downregulation of Eomes, which is necessary for formation of CD103+ CD8+ TRM. 

Downregulation of T-bet relieves T-bet-mediated repression of CD103107. However, low levels of 

T-bet are required for maintained expression of IL-15R, a receptor for the cytokine IL-15 which is 

an important for cell survival108, 109.  

 

Techniques for identifying and studying TRM 

 Several methods are used to identify and study tissue-resident memory T lymphocytes. The 

most simplistic method for assessing residency is to look at expression of CD69 and CD103. 

However, as mentioned previously, the absence of either of these markers does not entirely 

disqualify a cell from being resident. Thus, this method of identification has significant limitations 

when used alone. Methods that combine analysis of surface marker expression and migration 

patterns are much more reliable techniques. Transplantation and parabiosis are two surgical 

techniques that are commonly used. Transplanting an organ containing a trackable lymphocyte 

population onto a recipient allows one to examine infiltration of the graft, as well as donor cell 

egress into the recipient recirculation99, 110. However, ease of achieving successful transplantation 

varies by type of graft and cell migration can be overestimated due to inflammation from the 

surgery. Parabiotic surgery involves the conjoining of two congenic mice. Within approximately 



 13 

one week of the surgery, the vascular systems of the mice are shared and the recirculating 

lymphocyte populations between the parabionts can be assessed; resident cell populations are 

expected to fail to equilibrate between corresponding tissues in each parabiont. Parabiosis is an 

extremely useful technique because it allows for lymphocyte migration to be followed throughout 

the entire animal and for long periods of time.  

Both methods are still used today, however, the more common, accepted standard for 

defining tissue residence is now widely considered to be intravascular staining. This technique was 

initially described by David Masopust’s group and involves injecting mice intravenously (i.v.) 

with a fluorophore-conjugated antibody against surface markers expressed by the cell type(s) of 

interest111. Mice are then euthanized three to five minutes post-infection, tissues are harvested, and 

excess antibody is washed away during processing. If the intravital labeling is successful, then 

cells circulating throughout the bloodstream are labeled with the i.v. antibody. Within the lymph 

nodes, almost no cells are stained. Interestingly, a portion of cells in the spleen are also not labeled 

with the i.v. antibody. These cells are mostly found within the white pulp, with labeled cells 

localizing to the red pulp.  Using this method, Masopust’s group found that some i.v. label-negative 

cells in the lung did indeed stain positive for both CD69 and CD103, and that they exhibited lower 

levels of CD11a expression111. Alternatively, depletion antibodies can be used, as any cells outside 

the vasculature are protected from the depleting antibody (just as they are protected from the i.v. 

antibody). Intravascular labeling is used throughout the work presented here and in many of the 

referenced works. Early studies in cell residency were hampered by contamination from the 

vasculature, and intravascular staining helps remedy this flaw. However, like all techniques, it is 

not without caveats. TEM move transiently throughout tissues and could therefore be protected from 
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the antibody and be included in the i.v. negative pool. It is important to take this into consideration 

when evaluating tissue-resident memory lymphocyte populations.  

In recent years, there has been increased attention given to evaluating lung interstitium- vs. 

airway-resident cells. This is an important consideration to take given the unique characteristics of 

each environment. Airway cells can be isolated via bronchoalveolar lavage (BAL) 112-114. If an i.v. 

antibody is administered prior to euthanasia, then there should be minimal staining in BAL samples 

since the lung airways are anatomically separate from blood vessels. Blood cell contamination is 

still a concern, however, if the blood vessels are damaged due to infection (this is seen more 

frequently at acute timepoints) or poor technique. Lymphocytes in the lung interstitium can be 

isolated from the tissue by enzymatically digesting lung tissue. Intravascular staining is required 

to distinguish cells in the interstitium from those in the pulmonary capillary bed (e.g., blood 

derived cells that contaminate the sample) 111. BAL must also be performed prior to lung harvest 

to remove airways cells. Alternatively, CD11a staining may be used to distinguish long-term 

airway residents from those simply trapped in the airways (discussed in the next section).  

 

Generation & maintenance of CD8+ TRM within the lung & airways 

Following infection with IAV, CD8+ (and CD4+) TRM are found within the lung 

interstitium, airways, and nasal tissue96, 115-117. Overall, the route of migration used by T cells to 

enter the lung is not very well understood. Some chemotactic signals have been shown to correlate 

with migration of Teff into the inflamed lung tissue. CXCR6, for example, is upregulated on CD8+ 

T cells isolated from the lung and airways of mice following intranasal immunization against M. 

tuberculosis. Furthermore, mice that lack CXCR6 have reduced protection when challenged with 

tuberculosis, suggesting that CXCR6 may be important for establishing CD8+ T cells at sites of 
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infection118.  It is thought that CD8+ memory T cells in the airways are partially maintained by 

continual recruitment of memory T cells to the airways. For example, Slutter et al. showed that 

expression of CXCR3 is necessary for continual recruitment of cells to the airways, and that loss 

of CXCR3 expression results in accelerated decline of influenza-specific CD8+ T cells from the 

airways119. Additionally, a study from our group showed that CXCR6 regulates steady-state 

migration of CD8+ TRM to the airways by binding to the ligand CXCL16 which is expressed on the 

airway epithelium120. 

As previously discussed, expression of CD69 on the cell surface prevents exit of cells from 

the tissue and into the blood stream by antagonizing S1PR1 signaling. CD103 binds e-cadherin on 

epithelial cells, thereby maintaining cells within the lung. Approximately 50-70% of lung TRM 

express CD6996, 117. However, although a portion of CD69+ CD8+ TRM in the lung also expresses 

CD103, the CD4+ lung TRM pool is completely lacking in CD103121. CD103 expression is reduced 

on memory T cells isolated from the airways when compared to memory T cells isolated from the 

lung interstitium111, 122. Both CD4+ and CD8+ TRM express CD49a, which complexes with CD29 

to form the integrin, VLA-1. Following infection with influenza, a large portion of influenza-

specific CD8+ T cells express VLA-179. VLA-1 binds collagen types I and IV in the respiratory 

tract79, 123, 124. CD4+ TRM constitutively express high levels of CD11a, also known as integrin alpha 

a, which is a component of the integrin LFA-1. However, CD8+ lung TRM only express high levels 

of CD11a in the interstitium and downregulate its expression within ~ 40 hours of entering the 

airways125, 126. The combined efforts of these molecules help retain CD8+ T cells within the lung 

tissue.  

There are several cell intrinsic and cell extrinsic factors that are known to impact the 

maintenance of CD8+ TRM in the lung. Firstly, development of influenza-specific CD8+ TRM in the 
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lung requires recognition of cognate antigen in the lung tissue. This is most obviously observed 

when comparing routes of infection/vaccination. In some tissues, such as the skin and female 

reproductive tract (FRT), local TRM populations can be established via a “prime and pull” method 

that recruits circulating CD8+ T cells to the mucosa by applying inflammatory stimuli or topically 

applying chemokines127, 128. However, this is not the case in the lung: intranasal (i.n.) 

administration of virus/antigen elicits robust populations of CD8+ TRM in the lung but non-

pulmonary routes do not129. Furthermore, our lab and others have shown that simply exposing 

CD8+ T cells to the lung environment is not sufficient to induce their differentiation into lung TRM 

123, 130, 131. Rather, antigen must be administered to the pulmonary system to induce conversion of 

circulating CD8+ T cells into lung TRM123, 130.  

Development of CD8+ lung TRM also requires exposure to locally produced TGF-β.  Since 

influenza virus infects and replicates in epithelial cells, the localization of CD8+ T cells adjacent 

to antigen exposes them to TGF-β produced by nearby epithelial cells. TGF-β has been well 

characterized as a factor influencing the development of TRM in the intestine and skin, but it has 

also been implicated in development of lung TRM132. Specifically, exposure to TGF-β has been 

shown to induce expression of CD103133. Influenza virus has been shown to transiently activate 

TGF-β134, 135. This transient activation is likely beneficial in the lung environment so as not to 

induce unnecessary damage to the lung tissue – over-expression of TGF-β has been shown to 

induce pulmonary fibrosis and lung disease136. In addition to cognate antigen and TGF-β, exposure 

to IL-15 produced by macrophages and DCs in the lamina propria of the lung is necessary for the 

long-term survival of CD8+ CD103+ lung TRM108. Furthermore, lung TRM express the IFN-

inducible transmembrane protein, IFITM3, which has been shown to confer broad antiviral 
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resistance. This allows lung TRM cells to survive within the lung microenvironment, especially 

during secondary viral infection122.  

It has been shown that the number of influenza virus-specific CD8+ TRM within the lung 

interstitium and airways steadily declines over time137. Airway CD8+ TRM are susceptible to the 

nutrient poor environment of the airways and undergo high levels of apoptosis137. Within the lung 

interstitium, CD8+ TRM are likely susceptible to the effects of subsequent respiratory infections, 

but further studies are needed. Furthermore, TRM and TEM have been found to localize to distinct 

compartments within the lung interstitium. TEM are more sparsely dispersed throughout the 

tissue123. CD8+ TRM tend to develop around inducible bronchus-associated lymphoid tissue 

(iBALT), while CD4+ TRM form clusters within iBALT structures. Lung TRM also tend to associate 

with areas of tissue repair and regeneration following injury due to infection123, 138, 139.  During 

respiratory infection, cytolysis along with the harsh anti-viral functions of CD8+ Teff cause tissue 

damage. Consequently, various cell types accumulate at sites of damage and help mediate repair 

of the tissue. This results in the formation of special niches in the lung that have been shown to be 

required for the establishment and maintenance of CD8+ TRM123, 140, 141. These sites have been 

termed repair-associated memory depots (RAMD) 123. RAMD structures can be identified as 

cytokeratin-expressing cell aggregates and differ from iBALT in that the CD8+ TRM in RAMD do 

not form organized lymphoid structures123, 141, 142. Since CD8+ TRM in the lung localize to RAMD 

structures, it is therefore likely that they play a role in protecting areas undergoing repair within 

the lung following infection143.  

It is also possible that cell-intrinsic factors contribute to the longevity of CD8+ TRM within 

the lung. For example, it has been shown that CD8+ memory T cells that have encountered antigen 

multiple times displayed improved longevity compared to memory cells generated from naïve 
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CD8+ T cells144. Furthermore, TRM cells derived from memory cells more readily occupy lung TRM 

niches compared to TRM derived from naïve cells144. These results suggest that memory-derived 

CD8+ TRM may be capable of receiving additional signals that induce or enforce transcriptional 

programs facilitating their formation into TRM in RAMD, or that there is simply a higher frequency 

of TRM precursors (KLRG1lo effector T cells) among memory-derived CD8+ TRM145. In addition, 

it has been shown that CD4+ T cell help in the lung can influence longevity of CD8+ TRM. IFN-ɣ 

derived from CD4+ T cells induces downregulation of T-bet expression by CD8+ T cells. As 

previously mentioned, reduced T-bet expression is needed to allow for expression of CD103. CD4+ 

T cell help has also been shown to transcriptionally modulate the metabolism of CD8+ T cells in 

the lung such that they can better survive as memory T cells by maintaining a higher spare 

respiratory capacity146.  

 

Effector functions of CD8+ TRM 

Tissue-resident memory T cells are important mediators of immune responses against 

reinfection in mucosal and barrier tissues and serve as a critical line of defense against influenza 

virus. CD8+ TRM rapidly protect against invading pathogens by limiting replication, inflammation, 

and tissue damage. When present in sufficient numbers, CD8+ TRM mediate protection primarily 

through the production of cytokines and chemokines to recruit circulating immune cells and 

through direct lysis of infected cells94, 96, 98, 99, 127, 128, 130, 147-150. For example, local encounter of 

cognate antigen by CD8+ TRM in the female reproductive tract results in the rapid recruitment of 

circulating immune cells to the infected area94. In addition, CD8+ TRM in peripheral tissues, such 

as the small intestine, are highly cytotoxic due to constitutive expression of granzyme B96, 97. 

Within the lung, CD8+ TRM have been shown to be highly protective against respiratory pathogens.  
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In the human lung, influenza-specific CD8+ TRM are highly polyfunctional and express gene 

profiles consistent with a rapid anti-viral response94, 98. Furthermore, our group has shown that 

intra-tracheal transfer of influenza-specific CD8+ TRM into naïve mice provides sufficient 

protection against respiratory virus challenge in an antigen-dependent manner99. Interestingly, the 

heterologous protection conferred by intra-tracheally transferred CD8+ TRM was dependent on 

production of IFN-ɣ, as IFN-ɣ deficient T cells were less efficient at limiting viral replication when 

transferred97.    

 

CD8+ lung TRM and influenza infection 

It is well established that cross-reactive memory T cells significantly improve the immune 

response to influenza challenge94, 96-99, 147. In both human and animal models, it has been shown 

that increased numbers of cross-reactive memory T cells significantly lower viral loads and 

improve clinical outcomes148, 149. Moreover, studies have demonstrated that the number of CD8+ 

TRM in the lung correlates with the efficacy of cellular immunity to heterologous influenza 

challenge96, 151. However, while studies of the skin, gut, and FRT indicate that CD8+ TRM remain 

stable and provide long-lasting protection, CD8+ TRM populations within the lung have been shown 

to decline, as we and others have shown that the number of virus-specific CD8+ TRM in the lung 

and airways steadily decreases over time113, 152-154. This finding complements ample experimental 

evidence that cellular immunity to respiratory viral infections declines over time due to loss of 

virus-specific memory T cells in the lung94, 96-99, 128, 147-149. Heterosubtypic immunity against 

influenza virus declines within 4-6 months post-initial infection, the same amount of time it takes 

for CD8+ TRM in the lungs and airways to decline to nearly undetectable levels following 

establishment96, 151. The mechanisms behind this loss of CD8+ TRM within the lung have not been 
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fully elucidated. Interestingly, TRM have been shown to persist long-term in many non-lymphoid 

tissues. For example, VSV-specific TRM can be detected in the brain for as long as 120 days post-

infection, while infection of mice with cutaneous herpes simplex virus results in formation of skin 

TRM that can be detected for the lifetime of the animal155, 156.  Exactly why TRM do not persist long-

term in the lung to the extent that they do in other tissues is not known. However, a recent study 

did show that CD8+ TRM in the airways are distinct from those in the interstitium and that airway 

TRM adopt a transcriptional program in response to their nutrient poor environment that ultimately 

promotes their cell death137. This provides one potential explanation for why the decline in number 

of virus-specific CD8+ lung TRM over time.  

 

Vaccination strategies against respiratory pathogens 

Current influenza vaccine strategy 

Studies estimate that the annual influenza vaccine reduces the risk of illness by 40-60%. 

Currently, the influenza vaccine available in the United States consists of three (trivalent) to four 

(quadrivalent) strains of inactivated influenza virus that are predicted to be the most common 

during the upcoming season. Quadrivalent influenza vaccines consist of an influenza A (H1N1) 

virus, an influenza A (H3N2) virus, and two influenza B viruses. Trivalent vaccines only contain 

one influenza B virus157. The annual influenza vaccine is designed to induce neutralizing 

antibodies targeted against the viral HA and NA surface proteins. Therefore, because of the 

genomic changes that occur due to antigenic drift and shift, it is necessary to reformulate the 

influenza vaccine every year using viral surveillance data obtained during the previous season158, 

159. Unfortunately, methods of predicting the predominant circulating influenza strains are not 

always accurate, resulting in vaccines that are poorly matched against seasonal strains. 
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Furthermore, the high mutation rates of the HA and NA influenza proteins often allow for the virus 

to escape preexisting humoral immunity160.  

 

Strategies to enhance TRM in the lung 

It is now widely accepted that the number of memory CD8+ T cells, including tissue-

resident memory, correlates with the quality of cell-mediated protection against secondary 

infection. In contrast to the variable antibody response against influenza virus, CD8+ T cells 

recognize epitopes that are located within internal viral proteins such as NP, PA, PB1, and matrix 

protein. These epitopes are often conserved across different strains of influenza virus, thereby 

allowing the T cell compartment to provide cross-reactive immunity against multiple strains of the 

virus 161-164. However, the fact that the number of virus-specific CD8+ TRM in the lung interstitium 

and airways steadily declines over time presents a unique challenge to achieving sustained cross-

protection against respiratory challenge. Because TRM serve as critical mediators of cross-

protection against influenza infection, considerable efforts are underway to develop vaccines that 

induce pulmonary TRM and support their maintenance.  

Successful T-cell based influenza vaccines must elicit a robust memory T cell response in 

the relevant location. Since recognition of cognate antigen in the respiratory tract is necessary for 

formation of lung CD8+ TRM, any successful vaccination must therefore deliver antigen 

intranasally. Thus far, several animal studies have demonstrated that intranasal immunization with 

influenza peptide or protein alone, loaded onto DCs, or coupled onto monoclonal antibodies that 

target antigen to DCs in the respiratory tract results in the generation of CD8+ lung TRM that are 

highly protective against heterologous influenza challenge 115, 123, 131, 143, 165, 166. Recently, 

nanoparticles have also proven an effective method for delivering antigen to the respiratory tract: 
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delivery of nanoparticles containing influenza nucleoprotein via a single intranasal dose generated 

NP-specific TRM that conferred protection against influenza challenge 167-169.  

Interestingly, despite the proven importance of cognate antigen recognition for optimal 

lung TRM formation, studies have shown that intranasal delivery of the adjuvant zymosan can 

bypass this requirement 170. Studies determined that zymosan stimulated antigen-independent 

formation of lung TRM via signaling through a dectin-1 receptor, and that when combined with an 

injectable influenza vaccine, significantly boosted the population of TRM formed 170. Although 

alum, the classical adjuvant used in most vaccines in humans, favors antibody generation over a 

CD8+ T cell response, considerable efforts are now focused on including additional adjuvants, 

such as zymosan, that can help harness T cell-mediated immunity post-immunization 171. One way 

this could be accomplished is by including adjuvants that stimulate a cytokine profile that promotes 

TRM formation, such as TGF-b, IL-1b, IL-33, and TNFa 172-174. Additionally, the inclusion of co-

stimulatory molecules in influenza vaccines is being investigated to enhance generation and 

maintenance of lung TRM 145, 175, 176. Lastly, it is important to note that in addition to influenza 

virus, intranasal but not parenteral immunization has been shown to elicit respiratory tract TRM 

against SARS-CoV-2, respiratory syncytial virus (RSV), and M. tuberculosis 177-179.  

 

Viral vectors as a vaccine platform for influenza 

One promising vaccination strategy against respiratory viruses, including influenza, is 

virus vector-based vaccines. Recombinant adenoviral vectors that are replication-deficient are of 

particular interest because they can be easily manipulated, are relatively safe, and can induce strong 

CD8+ T cell responses 180-182. Prior work has shown that immunization with recombinant 

adenoviral vectors expressing influenza proteins induces long-lasting cellular immune protection 
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against a breadth of influenza A strains 181, 183. Importantly, immunization with an adenovirus 

serotype 5 expressing influenza nucleoprotein (AdNP) significantly increases the number of 

influenza NP-specific CD8+ TRM in the lung for up to 12 months post-vaccination 181. This is in 

stark contrast to the decline in virus specific CD8+ TRM observed following primary infection with 

influenza virus and provides us with a tool for examining the currently unknown mechanisms that 

drive lung TRM longevity post-infection/immunization. Although the exact mechanism behind the 

enhanced maintenance of CD8+ lung TRM following intranasal immunization with AdNP is not 

fully elucidated, subsequent studies revealed NP antigen persists in the lungs of immunized 

mice184. In addition to adenovirus, Modified Vaccinia Ankara (MVA) virus vector-based influenza 

vaccines are currently in development. For example, an MVA-vaccine that expresses CD4+  and 

CD8+ T cell epitopes from M1 and NP of influenza A virus (MVA-NP+M1) has been shown to 

induce influenza A virus-specific T cell protection 185-187. Following immunization with MVA-

NP+M1, individuals experienced decreased viral shedding and viral symptoms following 

challenge with influenza A virus 186.  

A third vaccination strategy that is known to elicit both humoral and CD8+ T cell responses 

(including CD8+ TRM) is the live attenuated influenza vaccine (LAIV) 188, 189. Commercially 

known as FluMist, LAIV is administered intranasally as a spray and is attenuated such that it 

causes no disease. A study from Donna Farber’s group demonstrated that intranasal immunization 

with LAIV generated cross-protective CD8+ lung TRM whereas the inactivated influenza vaccine 

did not. Furthermore, injection of LAIV failed to generate lung TRM, again highlighting the 

importance of targeting the respiratory system during delivery 188. Unfortunately, the T cell 

responses observed following administration of LAIV in humans has been highly variable 190. 
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Given its unreliable efficacy, FluMist was not recommended in the United States market for 

several years and only recently became available again.  

 

Impact of pre-existing immunity on TRM and vaccine efficacy 

 A key concern regarding use of virus-based vectors for vaccination is pre-existing 

immunity to the vector. Unlike controlled animal experiments in which the immune landscape can 

be tailored to the investigator’s needs, the immune status of the human population is much more 

variable. Pre-existing immunity resulting from prior infection(s) and/or immunization(s) can 

impact the immune system’s response to subsequent infections and immunizations. For example, 

pre-existing immunity to orthopoxvirus has been shown to prevent formation of antigen-specific 

T cells following MVA-based immunization against influenza virus yet had minimal impact on 

the induction and boosting of anti-influenza antibodies 191. Similarly, pre-existing immunity 

against human adenovirus serotype 5 (HAd5) is widespread in the population, thus compromising 

the efficacy of HAd5-based vector vaccines 192. To circumvent this issue, alternative adenovirus 

serotypes, including those of human and non-human origin such as chimpanzee, are being 

developed as vaccine platforms 193. Currently, recombinant adenovirus vectors of human and 

chimpanzee origin are being clinically evaluated or have been approved for use against the SARS-

CoV-2 pandemic 194-197.  

 In the case of influenza virus, pre-existing memory can bias a secondary response towards 

a first antigen exposure and prevent formation of neutralizing antibodies against previously unseen 

influenza strains. This phenomenon is referred to as original antigenic sin and results in repeated 

boosting of the initial antigen encountered, even when it is no longer a dominant component of 

subsequent strains 198, 199. Although this scenario may be beneficial against challenge with an 
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antigenically similar strain of influenza virus, there is ample evidence that pre-existing humoral 

immunity may have detrimental effects on subsequent immune responses, particularly on 

establishing cross-reactive immunity200, 201. In terms of evaluating the impact of pre-existing 

memory T cells on vaccine efficacy, most efforts have focused on the role of CD4+ memory T 

cells. For example, pre-existing cross-reactive T cells have been shown to suppress naïve T cells 

and virus-specific T helper cells in response to natural influenza infection202, 203. Recently, a study 

found that a higher proportion of pre-existing SARS-CoV-2 memory CD4+ T cells correlates with 

a decrease in the quality of the immune response to subsequent SARS-CoV-2 vaccination204. 

However, despite the proven importance of tissue-resident memory T cells in mediating cross-

protection against respiratory challenge, little is known about the impact of pre-existing immunity 

on the development of de novo lung TRM responses following vaccination.  

 

Summary 

 Tissue-resident memory CD8+ T cells remain localized within their tissue, where they 

rapidly respond to invading pathogens. Within the respiratory tract, sufficient numbers of CD8+ 

TRM can limit viral replication and immunopathology. Unfortunately, influenza-specific CD8+ TRM 

in the lungs and airways steadily decline over time, resulting in significant loss of cross-protection 

against influenza viral challenge. Despite the proven importance of CD8+ TRM in mediating 

protection against respiratory infection, several questions regarding their generation and durability 

remain unanswered. The data presented in this thesis provide critical insight to several mechanisms 

governing the generation and maintenance of CD8+ TRM following respiratory immunization 

and/or infection. In Chapter II, we investigate the enhanced maintenance of CD8+ lung TRM 

following immunization with a recombinant adenovirus. In Chapter III, we evaluate the impact of 
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pre-existing humoral and cellular immunity on the ability of a live attenuated influenza vaccine to 

generate de novo CD8+ lung TRM. Combined, the results from both studies will inform future 

design of T cell-based influenza vaccines by providing valuable insight into the factors driving 

generation and maintenance of lung TRM and thus, the durability of cellular immunity to respiratory 

pathogens.  

  



 27 

References 
 

1. Troeger CE, Blacker BF, Khalil IA, Zimsen SRM, Albertson SB, Abate D, Abdela J, 

Adhikari TB, Aghayan SA, Agrawal S, Ahmadi A, Aichour AN, Aichour I, Aichour MTE, Al-

Eyadhy A, Al-Raddadi RM, Alahdab F, Alene KA, Aljunid SM, Alvis-Guzman N, Anber NH, 

Anjomshoa M, Antonio CAT, Aremu O, Atalay HT, Atique S, Attia EF, Avokpaho EFGA, 

Awasthi A, Babazadeh A, Badali H, Badawi A, Banoub JAM, Barac A, Bassat Q, Bedi N, 

Belachew AB, Bennett DA, Bhattacharyya K, Bhutta ZA, Bijani A, Carvalho F, Castañeda-Orjuela 

CA, Christopher DJ, Dandona L, Dandona R, Dang AK, Daryani A, Degefa MG, Demeke FM, 

Dhimal M, Djalalinia S, Doku DT, Dubey M, Dubljanin E, Duken EE, Edessa D, El Sayed Zaki 

M, Fakhim H, Fernandes E, Fischer F, Flor LS, Foreman KJ, Gebremichael TG, Geremew D, 

Ghadiri K, Goulart AC, Guo J, Ha GH, Hailu GB, Haj-Mirzaian A, Haj-Mirzaian A, Hamidi S, 

Hassen HY, Hoang CL, Horita N, Hostiuc M, Irvani SSN, Jha RP, Jonas JB, Kahsay A, Karch A, 

Kasaeian A, Kassa TD, Kefale AT, Khader YS, Khan EA, Khan G, Khan MN, Khang Y-H, Khoja 

AT, Khubchandani J, Kimokoti RW, Kisa A, Knibbs LD, Kochhar S, Kosen S, Koul PA, Koyanagi 

A, Kuate Defo B, Kumar GA, Lal DK, Lamichhane P, Leshargie CT, Levi M, Li S, Macarayan 

ERK, Majdan M, Mehta V, Melese A, Memish ZA, Mengistu DT, Meretoja TJ, Mestrovic T, 

Miazgowski B, Milne GJ, Milosevic B, Mirrakhimov EM, Moazen B, Mohammad KA, 

Mohammed S, Monasta L, Morawska L, Mousavi SM, Muhammed OSS, Murthy S, Mustafa G, 

Naheed A, Nguyen HLT, Nguyen NB, Nguyen SH, Nguyen TH, Nisar MI, Nixon MR, Ogbo FA, 

Olagunju AT, Olagunju TO, Oren E, Ortiz JR, P A M, Pakhale S, Patel S, Paudel D, Pigott DM, 

Postma MJ, Qorbani M, Rafay A, Rafiei A, Rahimi-Movaghar V, Rai RK, Rezai MS, Roberts 

NLS, Ronfani L, Rubino S, Safari S, Safiri S, Saleem Z, Sambala EZ, Samy AM, Santric Milicevic 

MM, Sartorius B, Sarvi S, Savic M, Sawhney M, Saxena S, Seyedmousavi S, Shaikh MA, Sharif 



 28 

M, Sheikh A, Shigematsu M, Smith DL, Somayaji R, Soriano JB, Sreeramareddy CT, Sufiyan 

MaB, Temsah M-H, Tessema B, Teweldemedhin M, Tortajada-Girbés M, Tran BX, Tran KB, 

Tsadik AG, Ukwaja KN, Ullah I, Vasankari TJ, Vu GT, Wada FW, Waheed Y, West TE, 

Wiysonge CS, Yimer EM, Yonemoto N, Zaidi Z, Vos T, Lim SS, Murray CJL, Mokdad AH, Hay 

SI, Reiner RC. Mortality, morbidity, and hospitalisations due to influenza lower respiratory tract 

infections, 2017: an analysis for the Global Burden of Disease Study 2017. The Lancet Respiratory 

Medicine. 2019;7(1):69-89. doi: 10.1016/s2213-2600(18)30496-x. 

 

2. Influenza (Seasonal): World Health Organization; 2018 [cited 2019]. Available from: 

https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal). 

 

3. Palese P, Shaw M. Fields Virology. In: Knipe D, editor. Orthomyxoviridae: the viruses and 

their replication. Philadelphia, PA: Lippicott Williams & Wilkins; 2007. p. 1647-89. 

 

4. Lu Y, Wambach M, Katze MG, Krug RM. Binding of the influenza virus NS1 protein to 

double-stranded RNA inhibits the activation of the protein kinase that phosphorylates the elF-2 

translation initiation factor. Virology. 1995;214(1):222-8. Epub 1995/12/01. doi: 

10.1006/viro.1995.9937. PubMed PMID: 8525619. 

 

5. O'Neill RE, Talon J, Palese P. The influenza virus NEP (NS2 protein) mediates the nuclear 

export of viral ribonucleoproteins. EMBO J. 1998;17(1):288-96. Epub 1998/02/28. doi: 

10.1093/emboj/17.1.288. PubMed PMID: 9427762; PMCID: PMC1170379. 



 29 

6. Shi Y, Wu Y, Zhang W, Qi J, Gao GF. Enabling the 'host jump': structural determinants of 

receptor-binding specificity in influenza A viruses. Nat Rev Microbiol. 2014;12(12):822-31. Epub 

2014/11/11. doi: 10.1038/nrmicro3362. PubMed PMID: 25383601. 

 

7. Koel BF, Burke DF, Bestebroer TM, van der Vliet S, Zondag GC, Vervaet G, Skepner E, 

Lewis NS, Spronken MI, Russell CA, Eropkin MY, Hurt AC, Barr IG, de Jong JC, Rimmelzwaan 

GF, Osterhaus AD, Fouchier RA, Smith DJ. Substitutions near the receptor binding site determine 

major antigenic change during influenza virus evolution. Science. 2013;342(6161):976-9. Epub 

2013/11/23. doi: 10.1126/science.1244730. PubMed PMID: 24264991. 

 

8. Hilleman MR. Realities and enigmas of human viral influenza: pathogenesis, epidemiology 

and control. Vaccine. 2002;20(25-26):3068-87. Epub 2002/08/07. doi: 10.1016/s0264-

410x(02)00254-2. PubMed PMID: 12163258. 

 

9. Kirkpatrick E, Qiu X, Wilson PC, Bahl J, Krammer F. The influenza virus hemagglutinin 

head evolves faster than the stalk domain. Sci Rep. 2018;8(1):10432. Epub 2018/07/12. doi: 

10.1038/s41598-018-28706-1. PubMed PMID: 29992986; PMCID: PMC6041311. 

 

10. Carrat F, Flahault A. Influenza vaccine: the challenge of antigenic drift. Vaccine. 

2007;25(39-40):6852-62. Epub 2007/08/28. doi: 10.1016/j.vaccine.2007.07.027. PubMed PMID: 

17719149. 

 



 30 

11. Hensley SE, Das SR, Bailey AL, Schmidt LM, Hickman HD, Jayaraman A, Viswanathan 

K, Raman R, Sasisekharan R, Bennink JR, Yewdell JW. Hemagglutinin receptor binding avidity 

drives influenza A virus antigenic drift. Science. 2009;326(5953):734-6. doi: 

10.1126/science.1178258. PubMed PMID: 19900932; PMCID: PMC2784927. 

 

12. Archetti I, Horsfall FL, Jr. Persistent antigenic variation of influenza A viruses after 

incomplete neutralization in ovo with heterologous immune serum. J Exp Med. 1950;92(5):441-

62. doi: 10.1084/jem.92.5.441. PubMed PMID: 14778924; PMCID: PMC2135986. 

 

13. Shao W, Li X, Goraya MU, Wang S, Chen JL. Evolution of Influenza A Virus by Mutation 

and Re-Assortment. Int J Mol Sci. 2017;18(8). Epub 2017/08/08. doi: 10.3390/ijms18081650. 

PubMed PMID: 28783091; PMCID: PMC5578040. 

 

14. Rambaut A, Pybus OG, Nelson MI, Viboud C, Taubenberger JK, Holmes EC. The genomic 

and epidemiological dynamics of human influenza A virus. Nature. 2008;453(7195):615-9. Epub 

2008/04/18. doi: 10.1038/nature06945. PubMed PMID: 18418375; PMCID: PMC2441973. 

 

15. Gregory V, Bennett M, Orkhan MH, Al Hajjar S, Varsano N, Mendelson E, Zambon M, 

Ellis J, Hay A, Lin YP. Emergence of influenza A H1N2 reassortant viruses in the human 

population during 2001. Virology. 2002;300(1):1-7. Epub 2002/08/31. doi: 

10.1006/viro.2002.1513. PubMed PMID: 12202200. 

 



 31 

16. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions WM, Xu X, 

Skepner E, Deyde V, Okomo-Adhiambo M, Gubareva L, Barnes J, Smith CB, Emery SL, Hillman 

MJ, Rivailler P, Smagala J, de Graaf M, Burke DF, Fouchier RA, Pappas C, Alpuche-Aranda CM, 

Lopez-Gatell H, Olivera H, Lopez I, Myers CA, Faix D, Blair PJ, Yu C, Keene KM, Dotson PD, 

Jr., Boxrud D, Sambol AR, Abid SH, St George K, Bannerman T, Moore AL, Stringer DJ, Blevins 

P, Demmler-Harrison GJ, Ginsberg M, Kriner P, Waterman S, Smole S, Guevara HF, Belongia 

EA, Clark PA, Beatrice ST, Donis R, Katz J, Finelli L, Bridges CB, Shaw M, Jernigan DB, Uyeki 

TM, Smith DJ, Klimov AI, Cox NJ. Antigenic and genetic characteristics of swine-origin 2009 

A(H1N1) influenza viruses circulating in humans. Science. 2009;325(5937):197-201. Epub 

2009/05/26. doi: 10.1126/science.1176225. PubMed PMID: 19465683; PMCID: PMC3250984. 

 

17. Couceiro JN, Paulson JC, Baum LG. Influenza virus strains selectively recognize 

sialyloligosaccharides on human respiratory epithelium; the role of the host cell in selection of 

hemagglutinin receptor specificity. Virus Res. 1993;29(2):155-65. Epub 1993/08/01. doi: 

10.1016/0168-1702(93)90056-s. PubMed PMID: 8212857. 

 

18. Byrd-Leotis L, Cummings RD, Steinhauer DA. The Interplay between the Host Receptor 

and Influenza Virus Hemagglutinin and Neuraminidase. Int J Mol Sci. 2017;18(7). Epub 

2017/07/18. doi: 10.3390/ijms18071541. PubMed PMID: 28714909; PMCID: PMC5536029. 

 

19. Holt PG, Strickland DH, Wikstrom ME, Jahnsen FL. Regulation of immunological 

homeostasis in the respiratory tract. Nat Rev Immunol. 2008;8(2):142-52. Epub 2008/01/22. doi: 

10.1038/nri2236. PubMed PMID: 18204469. 



 32 

20. Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded RNA 

and activation of NF-kappaB by Toll-like receptor 3. Nature. 2001;413(6857):732-8. Epub 

2001/10/19. doi: 10.1038/35099560. PubMed PMID: 11607032. 

 

21. Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate antiviral responses by 

means of TLR7-mediated recognition of single-stranded RNA. Science. 2004;303(5663):1529-31. 

Epub 2004/02/21. doi: 10.1126/science.1093616. PubMed PMID: 14976261. 

 

22. Lund JM, Alexopoulou L, Sato A, Karow M, Adams NC, Gale NW, Iwasaki A, Flavell 

RA. Recognition of single-stranded RNA viruses by Toll-like receptor 7. Proc Natl Acad Sci U S 

A. 2004;101(15):5598-603. Epub 2004/03/23. doi: 10.1073/pnas.0400937101. PubMed PMID: 

15034168; PMCID: PMC397437. 

 

23. Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A. Toll-like receptor 9-mediated 

recognition of Herpes simplex virus-2 by plasmacytoid dendritic cells. J Exp Med. 

2003;198(3):513-20. Epub 2003/08/06. doi: 10.1084/jem.20030162. PubMed PMID: 12900525; 

PMCID: PMC2194085. 

 

24. Wang JP, Kurt-Jones EA, Finberg RW. Innate immunity to respiratory viruses. Cell 

Microbiol. 2007;9(7):1641-6. Epub 2007/05/18. doi: 10.1111/j.1462-5822.2007.00961.x. PubMed 

PMID: 17506818. 

 



 33 

25. Le Goffic R, Pothlichet J, Vitour D, Fujita T, Meurs E, Chignard M, Si-Tahar M. Cutting 

Edge: Influenza A virus activates TLR3-dependent inflammatory and RIG-I-dependent antiviral 

responses in human lung epithelial cells. J Immunol. 2007;178(6):3368-72. Epub 2007/03/07. doi: 

10.4049/jimmunol.178.6.3368. PubMed PMID: 17339430. 

 

26. Asselin-Paturel C, Boonstra A, Dalod M, Durand I, Yessaad N, Dezutter-Dambuyant C, 

Vicari A, O'Garra A, Biron C, Briere F, Trinchieri G. Mouse type I IFN-producing cells are 

immature APCs with plasmacytoid morphology. Nat Immunol. 2001;2(12):1144-50. Epub 

2001/11/20. doi: 10.1038/ni736. PubMed PMID: 11713464. 

 

27. Kumagai Y, Takeuchi O, Kato H, Kumar H, Matsui K, Morii E, Aozasa K, Kawai T, Akira 

S. Alveolar macrophages are the primary interferon-alpha producer in pulmonary infection with 

RNA viruses. Immunity. 2007;27(2):240-52. Epub 2007/08/29. doi: 

10.1016/j.immuni.2007.07.013. PubMed PMID: 17723216. 

 

28. Zhang Z, Wang FS. Plasmacytoid dendritic cells act as the most competent cell type in 

linking antiviral innate and adaptive immune responses. Cell Mol Immunol. 2005;2(6):411-7. 

Epub 2006/01/24. PubMed PMID: 16426490. 

 

29. Pirhonen J, Sareneva T, Kurimoto M, Julkunen I, Matikainen S. Virus infection activates 

IL-1 beta and IL-18 production in human macrophages by a caspase-1-dependent pathway. J 

Immunol. 1999;162(12):7322-9. Epub 1999/06/08. PubMed PMID: 10358182. 



 34 

30. Chan MC, Cheung CY, Chui WH, Tsao SW, Nicholls JM, Chan YO, Chan RW, Long HT, 

Poon LL, Guan Y, Peiris JS. Proinflammatory cytokine responses induced by influenza A (H5N1) 

viruses in primary human alveolar and bronchial epithelial cells. Respir Res. 2005;6:135. Epub 

2005/11/15. doi: 10.1186/1465-9921-6-135. PubMed PMID: 16283933; PMCID: PMC1318487. 

 

31. Camp JV, Jonsson CB. A Role for Neutrophils in Viral Respiratory Disease. Front 

Immunol. 2017;8:550. Epub 2017/05/30. doi: 10.3389/fimmu.2017.00550. PubMed PMID: 

28553293; PMCID: PMC5427094. 

 

32. Piqueras B, Connolly J, Freitas H, Palucka AK, Banchereau J. Upon viral exposure, 

myeloid and plasmacytoid dendritic cells produce 3 waves of distinct chemokines to recruit 

immune effectors. Blood. 2006;107(7):2613-8. Epub 2005/12/01. doi: 10.1182/blood-2005-07-

2965. PubMed PMID: 16317096; PMCID: PMC1895384. 

 

33. Mandelboim O, Lieberman N, Lev M, Paul L, Arnon TI, Bushkin Y, Davis DM, 

Strominger JL, Yewdell JW, Porgador A. Recognition of haemagglutinins on virus-infected cells 

by NKp46 activates lysis by human NK cells. Nature. 2001;409(6823):1055-60. Epub 2001/03/10. 

doi: 10.1038/35059110. PubMed PMID: 11234016. 

 

34. Siren J, Sareneva T, Pirhonen J, Strengell M, Veckman V, Julkunen I, Matikainen S. 

Cytokine and contact-dependent activation of natural killer cells by influenza A or Sendai virus-

infected macrophages. J Gen Virol. 2004;85(Pt 8):2357-64. Epub 2004/07/23. doi: 

10.1099/vir.0.80105-0. PubMed PMID: 15269377. 



 35 

35. He XS, Draghi M, Mahmood K, Holmes TH, Kemble GW, Dekker CL, Arvin AM, Parham 

P, Greenberg HB. T cell-dependent production of IFN-gamma by NK cells in response to influenza 

A virus. J Clin Invest. 2004;114(12):1812-9. Epub 2004/12/16. doi: 10.1172/JCI22797. PubMed 

PMID: 15599406; PMCID: PMC535070. 

 

36. Draghi M, Pashine A, Sanjanwala B, Gendzekhadze K, Cantoni C, Cosman D, Moretta A, 

Valiante NM, Parham P. NKp46 and NKG2D recognition of infected dendritic cells is necessary 

for NK cell activation in the human response to influenza infection. J Immunol. 2007;178(5):2688-

98. Epub 2007/02/22. doi: 10.4049/jimmunol.178.5.2688. PubMed PMID: 17312110. 

 

37. Hintzen G, Ohl L, del Rio ML, Rodriguez-Barbosa JI, Pabst O, Kocks JR, Krege J, Hardtke 

S, Forster R. Induction of tolerance to innocuous inhaled antigen relies on a CCR7-dependent 

dendritic cell-mediated antigen transport to the bronchial lymph node. J Immunol. 

2006;177(10):7346-54. Epub 2006/11/04. doi: 10.4049/jimmunol.177.10.7346. PubMed PMID: 

17082654. 

 

38. Plantinga M, Hammad H, Lambrecht BN. Origin and functional specializations of DC 

subsets in the lung. Eur J Immunol. 2010;40(8):2112-8. Epub 2010/09/21. doi: 

10.1002/eji.201040562. PubMed PMID: 20853496. 

 

39. Strickland DH, Upham JW, Holt PG. Epithelial-dendritic cell interactions in allergic 

disorders. Curr Opin Immunol. 2010;22(6):789-94. Epub 2010/11/26. doi: 

10.1016/j.coi.2010.10.019. PubMed PMID: 21106358. 



 36 

40. Wu H, Haist V, Baumgartner W, Schughart K. Sustained viral load and late death in Rag2-

/- mice after influenza A virus infection. Virol J. 2010;7:172. Epub 2010/07/30. doi: 10.1186/1743-

422X-7-172. PubMed PMID: 20667098; PMCID: PMC2919473. 

 

41. Thomas JM, Pos Z, Reinboth J, Wang RY, Wang E, Frank GM, Lusso P, Trinchieri G, 

Alter HJ, Marincola FM, Thomas E. Differential responses of plasmacytoid dendritic cells to 

influenza virus and distinct viral pathogens. J Virol. 2014;88(18):10758-66. Epub 2014/07/11. doi: 

10.1128/JVI.01501-14. PubMed PMID: 25008918; PMCID: PMC4178854. 

 

42. Kim TS, Braciale TJ. Respiratory dendritic cell subsets differ in their capacity to support 

the induction of virus-specific cytotoxic CD8+ T cell responses. PLoS One. 2009;4(1):e4204. 

Epub 2009/01/16. doi: 10.1371/journal.pone.0004204. PubMed PMID: 19145246; PMCID: 

PMC2615220. 

 

43. del Rio ML, Rodriguez-Barbosa JI, Kremmer E, Forster R. CD103- and CD103+ bronchial 

lymph node dendritic cells are specialized in presenting and cross-presenting innocuous antigen to 

CD4+ and CD8+ T cells. J Immunol. 2007;178(11):6861-6. Epub 2007/05/22. doi: 

10.4049/jimmunol.178.11.6861. PubMed PMID: 17513734. 

 

44. Ballesteros-Tato A, Leon B, Lund FE, Randall TD. Temporal changes in dendritic cell 

subsets, cross-priming and costimulation via CD70 control CD8(+) T cell responses to influenza. 

Nat Immunol. 2010;11(3):216-24. Epub 2010/01/26. doi: 10.1038/ni.1838. PubMed PMID: 

20098442; PMCID: PMC2822886. 



 37 

45. Belz GT, Xie W, Altman JD, Doherty PC. A previously unrecognized H-2D(b)-restricted 

peptide prominent in the primary influenza A virus-specific CD8(+) T-cell response is much less 

apparent following secondary challenge. J Virol. 2000;74(8):3486-93. Epub 2000/03/23. doi: 

10.1128/jvi.74.8.3486-3493.2000. PubMed PMID: 10729122; PMCID: PMC111856. 

 

46. Townsend AR, Rothbard J, Gotch FM, Bahadur G, Wraith D, McMichael AJ. The epitopes 

of influenza nucleoprotein recognized by cytotoxic T lymphocytes can be defined with short 

synthetic peptides. Cell. 1986;44(6):959-68. Epub 1986/03/28. doi: 10.1016/0092-

8674(86)90019-x. PubMed PMID: 2420472. 

 

47. Belz GT, Xie W, Doherty PC. Diversity of epitope and cytokine profiles for primary and 

secondary influenza a virus-specific CD8+ T cell responses. J Immunol. 2001;166(7):4627-33. 

Epub 2001/03/20. doi: 10.4049/jimmunol.166.7.4627. PubMed PMID: 11254721. 

 

48. Crowe SR, Miller SC, Brown DM, Adams PS, Dutton RW, Harmsen AG, Lund FE, 

Randall TD, Swain SL, Woodland DL. Uneven distribution of MHC class II epitopes within the 

influenza virus. Vaccine. 2006;24(4):457-67. Epub 2005/09/06. doi: 

10.1016/j.vaccine.2005.07.096. PubMed PMID: 16140434. 

 

49. Nayak JL, Richards KA, Chaves FA, Sant AJ. Analyses of the specificity of CD4 T cells 

during the primary immune response to influenza virus reveals dramatic MHC-linked asymmetries 

in reactivity to individual viral proteins. Viral Immunol. 2010;23(2):169-80. Epub 2010/04/09. 

doi: 10.1089/vim.2009.0099. PubMed PMID: 20373997; PMCID: PMC2883523. 



 38 

50. Babon JA, Cruz J, Orphin L, Pazoles P, Co MD, Ennis FA, Terajima M. Genome-wide 

screening of human T-cell epitopes in influenza A virus reveals a broad spectrum of CD4(+) T-

cell responses to internal proteins, hemagglutinins, and neuraminidases. Hum Immunol. 

2009;70(9):711-21. Epub 2009/06/16. doi: 10.1016/j.humimm.2009.06.004. PubMed PMID: 

19524006; PMCID: PMC2767101. 

 

51. Chen L, Zanker D, Xiao K, Wu C, Zou Q, Chen W. Immunodominant CD4+ T-cell 

responses to influenza A virus in healthy individuals focus on matrix 1 and nucleoprotein. J Virol. 

2014;88(20):11760-73. Epub 2014/08/01. doi: 10.1128/JVI.01631-14. PubMed PMID: 25078703; 

PMCID: PMC4178733. 

 

52. Assarsson E, Bui HH, Sidney J, Zhang Q, Glenn J, Oseroff C, Mbawuike IN, Alexander J, 

Newman MJ, Grey H, Sette A. Immunomic analysis of the repertoire of T-cell specificities for 

influenza A virus in humans. J Virol. 2008;82(24):12241-51. Epub 2008/10/10. doi: 

10.1128/JVI.01563-08. PubMed PMID: 18842709; PMCID: PMC2593359. 

 

53. Murali-Krishna K, Lau LL, Sambhara S, Lemonnier F, Altman J, Ahmed R. Persistence of 

memory CD8 T cells in MHC class I-deficient mice. Science. 1999;286(5443):1377-81. Epub 

1999/11/13. doi: 10.1126/science.286.5443.1377. PubMed PMID: 10558996. 

 

54. Murali-Krishna K, Altman JD, Suresh M, Sourdive DJ, Zajac AJ, Miller JD, Slansky J, 

Ahmed R. Counting antigen-specific CD8 T cells: a reevaluation of bystander activation during 



 39 

viral infection. Immunity. 1998;8(2):177-87. Epub 1998/03/10. doi: 10.1016/s1074-

7613(00)80470-7. PubMed PMID: 9491999. 

 

55. Mikhak Z, Fleming CM, Medoff BD, Thomas SY, Tager AM, Campanella GS, Luster AD. 

STAT1 in peripheral tissue differentially regulates homing of antigen-specific Th1 and Th2 cells. 

J Immunol. 2006;176(8):4959-67. doi: 10.4049/jimmunol.176.8.4959. PubMed PMID: 16585592. 

 

56. Kohlmeier JE, Cookenham T, Miller SC, Roberts AD, Christensen JP, Thomsen AR, 

Woodland DL. CXCR3 directs antigen-specific effector CD4+ T cell migration to the lung during 

parainfluenza virus infection. J Immunol. 2009;183(7):4378-84. Epub 20090904. doi: 

10.4049/jimmunol.0902022. PubMed PMID: 19734208; PMCID: PMC2757292. 

 

57. Mikhak Z, Strassner JP, Luster AD. Lung dendritic cells imprint T cell lung homing and 

promote lung immunity through the chemokine receptor CCR4. J Exp Med. 2013;210(9):1855-69. 

Epub 2013/08/21. doi: 10.1084/jem.20130091. PubMed PMID: 23960189; PMCID: 

PMC3754856. 

 

58. Thomas SY, Banerji A, Medoff BD, Lilly CM, Luster AD. Multiple chemokine receptors, 

including CCR6 and CXCR3, regulate antigen-induced T cell homing to the human asthmatic 

airway. J Immunol. 2007;179(3):1901-12. Epub 2007/07/21. doi: 10.4049/jimmunol.179.3.1901. 

PubMed PMID: 17641057. 

 



 40 

59. Lim K, Hyun YM, Lambert-Emo K, Capece T, Bae S, Miller R, Topham DJ, Kim M. 

Neutrophil trails guide influenza-specific CD8(+) T cells in the airways. Science. 

2015;349(6252):aaa4352. Epub 2015/09/05. doi: 10.1126/science.aaa4352. PubMed PMID: 

26339033; PMCID: PMC4809646. 

 

60. Galkina E, Thatte J, Dabak V, Williams MB, Ley K, Braciale TJ. Preferential migration of 

effector CD8+ T cells into the interstitium of the normal lung. J Clin Invest. 2005;115(12):3473-

83. Epub 2005/11/26. doi: 10.1172/JCI24482. PubMed PMID: 16308575; PMCID: PMC1288831. 

 

61. Kohlmeier JE, Reiley WW, Perona-Wright G, Freeman ML, Yager EJ, Connor LM, 

Brincks EL, Cookenham T, Roberts AD, Burkum CE, Sell S, Winslow GM, Blackman MA, Mohrs 

M, Woodland DL. Inflammatory chemokine receptors regulate CD8(+) T cell contraction and 

memory generation following infection. J Exp Med. 2011;208(8):1621-34. Epub 2011/07/27. doi: 

10.1084/jem.20102110. PubMed PMID: 21788409; PMCID: PMC3149221. 

 

62. Hamada H, Bassity E, Flies A, Strutt TM, Garcia-Hernandez Mde L, McKinstry KK, Zou 

T, Swain SL, Dutton RW. Multiple redundant effector mechanisms of CD8+ T cells protect against 

influenza infection. J Immunol. 2013;190(1):296-306. Epub 2012/12/01. doi: 

10.4049/jimmunol.1200571. PubMed PMID: 23197262; PMCID: PMC3864858. 

 

63. Cullen SP, Martin SJ. Mechanisms of granule-dependent killing. Cell Death Differ. 

2008;15(2):251-62. Epub 2007/11/03. doi: 10.1038/sj.cdd.4402244. PubMed PMID: 17975553. 



 41 

64. Topham DJ, Tripp RA, Doherty PC. CD8+ T cells clear influenza virus by perforin or Fas-

dependent processes. J Immunol. 1997;159(11):5197-200. Epub 1998/04/21. PubMed PMID: 

9548456. 

 

65. Brincks EL, Katewa A, Kucaba TA, Griffith TS, Legge KL. CD8 T cells utilize TRAIL to 

control influenza virus infection. J Immunol. 2008;181(7):4918-25. Epub 2008/09/20. doi: 

10.4049/jimmunol.181.7.4918. PubMed PMID: 18802095; PMCID: PMC2610351. 

 

66. Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL. Multifunctional CD4 cells 

expressing gamma interferon and perforin mediate protection against lethal influenza virus 

infection. J Virol. 2012;86(12):6792-803. Epub 2012/04/12. doi: 10.1128/JVI.07172-11. PubMed 

PMID: 22491469; PMCID: PMC3393557. 

 

67. Sun J, Madan R, Karp CL, Braciale TJ. Effector T cells control lung inflammation during 

acute influenza virus infection by producing IL-10. Nat Med. 2009;15(3):277-84. Epub 

2009/02/24. doi: 10.1038/nm.1929. PubMed PMID: 19234462; PMCID: PMC2693210. 

 

68. Faroudi M, Utzny C, Salio M, Cerundolo V, Guiraud M, Muller S, Valitutti S. Lytic versus 

stimulatory synapse in cytotoxic T lymphocyte/target cell interaction: manifestation of a dual 

activation threshold. Proc Natl Acad Sci U S A. 2003;100(24):14145-50. Epub 2003/11/12. doi: 

10.1073/pnas.2334336100. PubMed PMID: 14610278; PMCID: PMC283560. 



 42 

69. Purbhoo MA, Irvine DJ, Huppa JB, Davis MM. T cell killing does not require the formation 

of a stable mature immunological synapse. Nat Immunol. 2004;5(5):524-30. Epub 2004/03/30. 

doi: 10.1038/ni1058. PubMed PMID: 15048111. 

 

70. McKinstry KK, Strutt TM, Buck A, Curtis JD, Dibble JP, Huston G, Tighe M, Hamada H, 

Sell S, Dutton RW, Swain SL. IL-10 deficiency unleashes an influenza-specific Th17 response 

and enhances survival against high-dose challenge. J Immunol. 2009;182(12):7353-63. Epub 

2009/06/06. doi: 10.4049/jimmunol.0900657. PubMed PMID: 19494257; PMCID: PMC2724021. 

 

71. Brown DM, Dilzer AM, Meents DL, Swain SL. CD4 T cell-mediated protection from lethal 

influenza: perforin and antibody-mediated mechanisms give a one-two punch. J Immunol. 

2006;177(5):2888-98. Epub 2006/08/22. doi: 10.4049/jimmunol.177.5.2888. PubMed PMID: 

16920924. 

 

72. Keck S, Schmaler M, Ganter S, Wyss L, Oberle S, Huseby ES, Zehn D, King CG. Antigen 

affinity and antigen dose exert distinct influences on CD4 T-cell differentiation. Proc Natl Acad 

Sci U S A. 2014;111(41):14852-7. Epub 2014/10/01. doi: 10.1073/pnas.1403271111. PubMed 

PMID: 25267612; PMCID: PMC4205596. 

 

73. Krishnamoorthy V, Kannanganat S, Maienschein-Cline M, Cook SL, Chen J, Bahroos N, 

Sievert E, Corse E, Chong A, Sciammas R. The IRF4 Gene Regulatory Module Functions as a 

Read-Write Integrator to Dynamically Coordinate T Helper Cell Fate. Immunity. 2017;47(3):481-



 43 

97 e7. Epub 2017/09/21. doi: 10.1016/j.immuni.2017.09.001. PubMed PMID: 28930660; PMCID: 

PMC5661949. 

 

74. Eichelberger M. Clearance of influenza virus respiratory infection in mice lacking class I 

major histocompatibility complex-restricted CD8+ T cells. Journal of Experimental Medicine. 

1991;174(4):875-80. doi: 10.1084/jem.174.4.875. 

 

75. Hou S, Doherty PC, Zijlstra M, Jaenisch R, Katz JM. Delayed clearance of Sendai virus in 

mice lacking class I MHC-restricted CD8+ T cells. J Immunol. 1992;149(4):1319-25; PMCID: 

1354233. 

 

76. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory T 

lymphocytes with distinct homing potentials and effector functions. Nature. 1999;401(6754):708-

12. Epub 1999/10/28. doi: 10.1038/44385. PubMed PMID: 10537110. 

 

77. Gallatin WM, Weissman IL, Butcher EC. A cell-surface molecule involved in organ-

specific homing of lymphocytes. Nature. 1983;304(5921):30-4. Epub 1983/07/07. doi: 

10.1038/304030a0. PubMed PMID: 6866086. 

 

78. Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller I, Wolf E, Lipp M. CCR7 

coordinates the primary immune response by establishing functional microenvironments in 

secondary lymphoid organs. Cell. 1999;99(1):23-33. Epub 1999/10/16. doi: 10.1016/s0092-

8674(00)80059-8. PubMed PMID: 10520991. 



 44 

79. Ray SJ, Franki SN, Pierce RH, Dimitrova S, Koteliansky V, Sprague AG, Doherty PC, de 

Fougerolles AR, Topham DJ. The collagen binding alpha1beta1 integrin VLA-1 regulates CD8 T 

cell-mediated immune protection against heterologous influenza infection. Immunity. 

2004;20(2):167-79. Epub 2004/02/21. doi: 10.1016/s1074-7613(04)00021-4. PubMed PMID: 

14975239. 

 

80. Farber DL, Ahmadzadeh M. Dissecting the complexity of the memory T cell response. 

Immunol Res. 2002;25(3):247-59. Epub 2002/05/23. doi: 10.1385/IR:25:3:247. PubMed PMID: 

12018463. 

 

81. Bingaman AW, Patke DS, Mane VR, Ahmadzadeh M, Ndejembi M, Bartlett ST, Farber 

DL. Novel phenotypes and migratory properties distinguish memory CD4 T cell subsets in 

lymphoid and lung tissue. Eur J Immunol. 2005;35(11):3173-86. Epub 2005/10/13. doi: 

10.1002/eji.200526004. PubMed PMID: 16220537. 

 

82. Obar JJ, Lefrancois L. Early events governing memory CD8+ T-cell differentiation. Int 

Immunol. 2010;22(8):619-25. Epub 2010/05/28. doi: 10.1093/intimm/dxq053. PubMed PMID: 

20504887; PMCID: PMC2908475. 

 

83. Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R. Selective expression 

of the interleukin 7 receptor identifies effector CD8 T cells that give rise to long-lived memory 

cells. Nat Immunol. 2003;4(12):1191-8. Epub 2003/11/20. doi: 10.1038/ni1009. PubMed PMID: 

14625547. 



 45 

84. Mueller SN, Mackay LK. Tissue-resident memory T cells: local specialists in immune 

defence. Nat Rev Immunol. 2016;16(2):79-89. Epub 2015/12/22. doi: 10.1038/nri.2015.3. 

PubMed PMID: 26688350. 

 

85. Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector and memory T cell 

differentiation. Nat Immunol. 2014;15(12):1104-15. Epub 2014/11/15. doi: 10.1038/ni.3031. 

PubMed PMID: 25396352; PMCID: PMC4386685. 

 

86. Weng NP, Araki Y, Subedi K. The molecular basis of the memory T cell response: 

differential gene expression and its epigenetic regulation. Nat Rev Immunol. 2012;12(4):306-15. 

Epub 2012/03/17. doi: 10.1038/nri3173. PubMed PMID: 22421787; PMCID: PMC4686144. 

 

87. Condotta SA, Richer MJ. The immune battlefield: The impact of inflammatory cytokines 

on CD8+ T-cell immunity. PLoS Pathog. 2017;13(10):e1006618. Epub 2017/10/27. doi: 

10.1371/journal.ppat.1006618. PubMed PMID: 29073270; PMCID: PMC5658174. 

 

88. Prabhu N, Ho AW, Wong KH, Hutchinson PE, Chua YL, Kandasamy M, Lee DC, 

Sivasankar B, Kemeny DM. Gamma interferon regulates contraction of the influenza virus-

specific CD8 T cell response and limits the size of the memory population. J Virol. 

2013;87(23):12510-22. Epub 2013/09/13. doi: 10.1128/JVI.01776-13. PubMed PMID: 24027334; 

PMCID: PMC3838152. 



 46 

89. Monteiro JM, Harvey C, Trinchieri G. Role of interleukin-12 in primary influenza virus 

infection. J Virol. 1998;72(6):4825-31. Epub 1998/05/30. PubMed PMID: 9573248; PMCID: 

PMC110027. 

 

90. Julkunen I, Melen K, Nyqvist M, Pirhonen J, Sareneva T, Matikainen S. Inflammatory 

responses in influenza A virus infection. Vaccine. 2000;19 Suppl 1:S32-7. Epub 2001/02/13. doi: 

10.1016/s0264-410x(00)00275-9. PubMed PMID: 11163460. 

 

91. Palmer EM, Holbrook BC, Arimilli S, Parks GD, Alexander-Miller MA. IFNgamma-

producing, virus-specific CD8+ effector cells acquire the ability to produce IL-10 as a result of 

entry into the infected lung environment. Virology. 2010;404(2):225-30. Epub 2010/07/16. doi: 

10.1016/j.virol.2010.05.004. PubMed PMID: 20627346; PMCID: PMC2906694. 

 

92. Bedoya F, Cheng GS, Leibow A, Zakhary N, Weissler K, Garcia V, Aitken M, Kropf E, 

Garlick DS, Wherry EJ, Erikson J, Caton AJ. Viral antigen induces differentiation of Foxp3+ 

natural regulatory T cells in influenza virus-infected mice. J Immunol. 2013;190(12):6115-25. 

Epub 2013/05/15. doi: 10.4049/jimmunol.1203302. PubMed PMID: 23667113; PMCID: 

PMC3703618. 

 

93. Cui W, Liu Y, Weinstein JS, Craft J, Kaech SM. An interleukin-21-interleukin-10-STAT3 

pathway is critical for functional maturation of memory CD8+ T cells. Immunity. 2011;35(5):792-

805. Epub 2011/11/29. doi: 10.1016/j.immuni.2011.09.017. PubMed PMID: 22118527; PMCID: 

PMC3431922. 



 47 

94. Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone FR. Memory T cells 

in nonlymphoid tissue that provide enhanced local immunity during infection with herpes simplex 

virus. Nat Immunol. 2009;10(5):524-30. Epub 2009/03/24. doi: 10.1038/ni.1718. PubMed PMID: 

19305395. 

 

95. Kelly H, Peck HA, Laurie KL, Wu P, Nishiura H, Cowling BJ. The age-specific cumulative 

incidence of infection with pandemic influenza H1N1 2009 was similar in various countries prior 

to vaccination. PLoS One. 2011;6(8):e21828. Epub 2011/08/19. doi: 

10.1371/journal.pone.0021828. PubMed PMID: 21850217; PMCID: PMC3151238. 

 

96. Wu T, Hu Y, Lee YT, Bouchard KR, Benechet A, Khanna K, Cauley LS. Lung-resident 

memory CD8 T cells (TRM) are indispensable for optimal cross-protection against pulmonary 

virus infection. J Leukoc Biol. 2014;95(2):215-24. Epub 2013/09/06. doi: 10.1189/jlb.0313180. 

PubMed PMID: 24006506; PMCID: PMC3896663. 

 

97. McMaster SR, Wilson JJ, Wang H, Kohlmeier JE. Airway-Resident Memory CD8 T Cells 

Provide Antigen-Specific Protection against Respiratory Virus Challenge through Rapid IFN-

gamma Production. J Immunol. 2015;195(1):203-9. Epub 2015/05/31. doi: 

10.4049/jimmunol.1402975. PubMed PMID: 26026054; PMCID: PMC4475417. 

 

98. Bergsbaken T, Bevan MJ. Proinflammatory microenvironments within the intestine 

regulate the differentiation of tissue-resident CD8(+) T cells responding to infection. Nat Immunol. 



 48 

2015;16(4):406-14. Epub 2015/02/24. doi: 10.1038/ni.3108. PubMed PMID: 25706747; PMCID: 

PMC4368475. 

 

99. Masopust D, Choo D, Vezys V, Wherry EJ, Duraiswamy J, Akondy R, Wang J, Casey KA, 

Barber DL, Kawamura KS, Fraser KA, Webby RJ, Brinkmann V, Butcher EC, Newell KA, Ahmed 

R. Dynamic T cell migration program provides resident memory within intestinal epithelium. J 

Exp Med. 2010;207(3):553-64. Epub 2010/02/17. doi: 10.1084/jem.20090858. PubMed PMID: 

20156972; PMCID: PMC2839151. 

 

100. Garris CS, Blaho VA, Hla T, Han MH. Sphingosine-1-phosphate receptor 1 signalling in 

T cells: trafficking and beyond. Immunology. 2014;142(3):347-53. doi: 10.1111/imm.12272. 

PubMed PMID: 24597601; PMCID: PMC4080950. 

 

101. Cibrian D, Sanchez-Madrid F. CD69: from activation marker to metabolic gatekeeper. Eur 

J Immunol. 2017;47(6):946-53. Epub 2017/05/06. doi: 10.1002/eji.201646837. PubMed PMID: 

28475283; PMCID: PMC6485631. 

 

102. Walsh DA, Borges da Silva H, Beura LK, Peng C, Hamilton SE, Masopust D, Jameson 

SC. The Functional Requirement for CD69 in Establishment of Resident Memory CD8(+) T Cells 

Varies with Tissue Location. J Immunol. 2019;203(4):946-55. Epub 2019/06/28. doi: 

10.4049/jimmunol.1900052. PubMed PMID: 31243092; PMCID: PMC6684481. 

 



 49 

103. Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, Cyster JG, Matloubian M. 

CD69 acts downstream of interferon-alpha/beta to inhibit S1P1 and lymphocyte egress from 

lymphoid organs. Nature. 2006;440(7083):540-4. Epub 20060308. doi: 10.1038/nature04606. 

PubMed PMID: 16525420. 

 

104. Milner JJ, Toma C, Yu B, Zhang K, Omilusik K, Phan AT, Wang D, Getzler AJ, Nguyen 

T, Crotty S, Wang W, Pipkin ME, Goldrath AW. Runx3 programs CD8(+) T cell residency in non-

lymphoid tissues and tumours. Nature. 2017;552(7684):253-7. Epub 2017/12/07. doi: 

10.1038/nature24993. PubMed PMID: 29211713; PMCID: PMC5747964. 

 

105. Mackay LK, Minnich M, Kragten NA, Liao Y, Nota B, Seillet C, Zaid A, Man K, Preston 

S, Freestone D, Braun A, Wynne-Jones E, Behr FM, Stark R, Pellicci DG, Godfrey DI, Belz GT, 

Pellegrini M, Gebhardt T, Busslinger M, Shi W, Carbone FR, van Lier RA, Kallies A, van 

Gisbergen KP. Hobit and Blimp1 instruct a universal transcriptional program of tissue residency 

in lymphocytes. Science. 2016;352(6284):459-63. Epub 2016/04/23. doi: 

10.1126/science.aad2035. PubMed PMID: 27102484. 

 

106. Skon CN, Lee JY, Anderson KG, Masopust D, Hogquist KA, Jameson SC. Transcriptional 

downregulation of S1pr1 is required for the establishment of resident memory CD8+ T cells. Nat 

Immunol. 2013;14(12):1285-93. Epub 2013/10/29. doi: 10.1038/ni.2745. PubMed PMID: 

24162775; PMCID: PMC3844557. 

 



 50 

107. Laidlaw BJ, Zhang N, Marshall HD, Staron MM, Guan T, Hu Y, Cauley LS, Craft J, Kaech 

SM. CD4+ T cell help guides formation of CD103+ lung-resident memory CD8+ T cells during 

influenza viral infection. Immunity. 2014;41(4):633-45. Epub 2014/10/14. doi: 

10.1016/j.immuni.2014.09.007. PubMed PMID: 25308332; PMCID: PMC4324721. 

 

108. Mackay LK, Wynne-Jones E, Freestone D, Pellicci DG, Mielke LA, Newman DM, Braun 

A, Masson F, Kallies A, Belz GT, Carbone FR. T-box Transcription Factors Combine with the 

Cytokines TGF-beta and IL-15 to Control Tissue-Resident Memory T Cell Fate. Immunity. 

2015;43(6):1101-11. Epub 2015/12/20. doi: 10.1016/j.immuni.2015.11.008. PubMed PMID: 

26682984. 

 

109. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, Vega-Ramos J, 

Lauzurica P, Mueller SN, Stefanovic T, Tscharke DC, Heath WR, Inouye M, Carbone FR, 

Gebhardt T. The developmental pathway for CD103(+)CD8+ tissue-resident memory T cells of 

skin. Nat Immunol. 2013;14(12):1294-301. Epub 2013/10/29. doi: 10.1038/ni.2744. PubMed 

PMID: 24162776. 

 

110. Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG, Heath WR, Carbone FR, 

Mueller SN. Different patterns of peripheral migration by memory CD4+ and CD8+ T cells. 

Nature. 2011;477(7363):216-9. Epub 2011/08/16. doi: 10.1038/nature10339. PubMed PMID: 

21841802. 

 



 51 

111. Anderson KG, Sung H, Skon CN, Lefrancois L, Deisinger A, Vezys V, Masopust D. 

Cutting edge: intravascular staining redefines lung CD8 T cell responses. J Immunol. 

2012;189(6):2702-6. Epub 2012/08/17. doi: 10.4049/jimmunol.1201682. PubMed PMID: 

22896631; PMCID: PMC3436991. 

 

112. Ely KH, Roberts AD, Woodland DL. Cutting edge: effector memory CD8+ T cells in the 

lung airways retain the potential to mediate recall responses. J Immunol. 2003;171(7):3338-42. 

Epub 2003/09/23. doi: 10.4049/jimmunol.171.7.3338. PubMed PMID: 14500625. 

 

113. Hogan RJ, Usherwood EJ, Zhong W, Roberts AD, Dutton RW, Harmsen AG, Woodland 

DL. Activated Antigen-Specific CD8+ T Cells Persist in the Lungs Following Recovery from 

Respiratory Virus Infections. The Journal of Immunology. 2001;166(3):1813-22. doi: 

10.4049/jimmunol.166.3.1813. 

 

114. Hogan RJ, Cauley LS, Ely KH, Cookenham T, Roberts AD, Brennan JW, Monard S, 

Woodland DL. Long-term maintenance of virus-specific effector memory CD8+ T cells in the 

lung airways depends on proliferation. J Immunol. 2002;169(9):4976-81. Epub 2002/10/23. doi: 

10.4049/jimmunol.169.9.4976. PubMed PMID: 12391211. 

 

115. Pizzolla A, Nguyen THO, Smith JM, Brooks AG, Kedzieska K, Heath WR, Reading PC, 

Wakim LM. Resident memory CD8(+) T cells in the upper respiratory tract prevent pulmonary 

influenza virus infection. Sci Immunol. 2017;2(12). doi: 10.1126/sciimmunol.aam6970. PubMed 

PMID: 28783656. 



 52 

116. Wiley JA, Hogan RJ, Woodland DL, Harmsen AG. Antigen-specific CD8(+) T cells persist 

in the upper respiratory tract following influenza virus infection. J Immunol. 2001;167(6):3293-9. 

Epub 2001/09/07. doi: 10.4049/jimmunol.167.6.3293. PubMed PMID: 11544317. 

 

117. Teijaro JR, Turner D, Pham Q, Wherry EJ, Lefrancois L, Farber DL. Cutting edge: Tissue-

retentive lung memory CD4 T cells mediate optimal protection to respiratory virus infection. J 

Immunol. 2011;187(11):5510-4. Epub 2011/11/08. doi: 10.4049/jimmunol.1102243. PubMed 

PMID: 22058417; PMCID: PMC3221837. 

 

118. Lee LN, Ronan EO, de Lara C, Franken KL, Ottenhoff TH, Tchilian EZ, Beverley PC. 

CXCR6 is a marker for protective antigen-specific cells in the lungs after intranasal immunization 

against Mycobacterium tuberculosis. Infect Immun. 2011;79(8):3328-37. Epub 2011/06/02. doi: 

10.1128/IAI.01133-10. PubMed PMID: 21628524; PMCID: PMC3147559. 

 

119. Slutter B, Pewe LL, Kaech SM, Harty JT. Lung airway-surveilling CXCR3(hi) memory 

CD8(+) T cells are critical for protection against influenza A virus. Immunity. 2013;39(5):939-48. 

Epub 2013/11/19. doi: 10.1016/j.immuni.2013.09.013. PubMed PMID: 24238342; PMCID: 

PMC3872058. 

 

120. Wein AN, McMaster SR, Takamura S, Dunbar PR, Cartwright EK, Hayward SL, 

McManus DT, Shimaoka T, Ueha S, Tsukui T, Masumoto T, Kurachi M, Matsushima K, 

Kohlmeier JE. CXCR6 regulates localization of tissue-resident memory CD8 T cells to the 



 53 

airways. J Exp Med. 2019;216(12):2748-62. Epub 20190926. doi: 10.1084/jem.20181308. 

PubMed PMID: 31558615; PMCID: PMC6888981. 

 

121. Lee YT, Suarez-Ramirez JE, Wu T, Redman JM, Bouchard K, Hadley GA, Cauley LS. 

Environmental and antigen receptor-derived signals support sustained surveillance of the lungs by 

pathogen-specific cytotoxic T lymphocytes. J Virol. 2011;85(9):4085-94. Epub 2011/02/25. doi: 

10.1128/JVI.02493-10. PubMed PMID: 21345961; PMCID: PMC3126261. 

 

122. Wakim LM, Gupta N, Mintern JD, Villadangos JA. Enhanced survival of lung tissue-

resident memory CD8(+) T cells during infection with influenza virus due to selective expression 

of IFITM3. Nat Immunol. 2013;14(3):238-45. Epub 2013/01/29. doi: 10.1038/ni.2525. PubMed 

PMID: 23354485. 

 

123. Takamura S, Yagi H, Hakata Y, Motozono C, McMaster SR, Masumoto T, Fujisawa M, 

Chikaishi T, Komeda J, Itoh J, Umemura M, Kyusai A, Tomura M, Nakayama T, Woodland DL, 

Kohlmeier JE, Miyazawa M. Specific niches for lung-resident memory CD8+ T cells at the site of 

tissue regeneration enable CD69-independent maintenance. J Exp Med. 2016;213(13):3057-73. 

Epub 2016/11/07. doi: 10.1084/jem.20160938. PubMed PMID: 27815325; PMCID: 

PMC5154946. 

 

124. Roberts AI, Brolin RE, Ebert EC. Integrin alpha1beta1 (VLA-1) mediates adhesion of 

activated intraepithelial lymphocytes to collagen. Immunology. 1999;97(4):679-85. Epub 



 54 

1999/08/24. doi: 10.1046/j.1365-2567.1999.00812.x. PubMed PMID: 10457223; PMCID: 

PMC2326887. 

 

125. Turner DL, Bickham KL, Thome JJ, Kim CY, D'Ovidio F, Wherry EJ, Farber DL. Lung 

niches for the generation and maintenance of tissue-resident memory T cells. Mucosal Immunol. 

2014;7(3):501-10. Epub 2013/09/26. doi: 10.1038/mi.2013.67. PubMed PMID: 24064670; 

PMCID: PMC3965651. 

 

126. Ely KH, Cookenham T, Roberts AD, Woodland DL. Memory T cell populations in the 

lung airways are maintained by continual recruitment. J Immunol. 2006;176(1):537-43. Epub 

2005/12/21. doi: 10.4049/jimmunol.176.1.537. PubMed PMID: 16365448. 

 

127. Shin H, Iwasaki A. A vaccine strategy that protects against genital herpes by establishing 

local memory T cells. Nature. 2012;491(7424):463-7. Epub 2012/10/19. doi: 

10.1038/nature11522. PubMed PMID: 23075848; PMCID: PMC3499630. 

 

128. Mackay LK, Stock AT, Ma JZ, Jones CM, Kent SJ, Mueller SN, Heath WR, Carbone FR, 

Gebhardt T. Long-lived epithelial immunity by tissue-resident memory T (TRM) cells in the 

absence of persisting local antigen presentation. Proc Natl Acad Sci U S A. 2012;109(18):7037-

42. Epub 2012/04/18. doi: 10.1073/pnas.1202288109. PubMed PMID: 22509047; PMCID: 

PMC3344960. 

 



 55 

129. Takamura S, Kohlmeier JE. Establishment and Maintenance of Conventional and 

Circulation-Driven Lung-Resident Memory CD8(+) T Cells Following Respiratory Virus 

Infections. Front Immunol. 2019;10:733. Epub 2019/04/27. doi: 10.3389/fimmu.2019.00733. 

PubMed PMID: 31024560; PMCID: PMC6459893. 

 

130. McMaster SR, Wein AN, Dunbar PR, Hayward SL, Cartwright EK, Denning TL, 

Kohlmeier JE. Pulmonary antigen encounter regulates the establishment of tissue-resident CD8 

memory T cells in the lung airways and parenchyma. Mucosal Immunol. 2018;11(4):1071-8. Epub 

2018/02/18. doi: 10.1038/s41385-018-0003-x. PubMed PMID: 29453412; PMCID: 

PMC6030505. 

 

131. Wakim LM, Smith J, Caminschi I, Lahoud MH, Villadangos JA. Antibody-targeted 

vaccination to lung dendritic cells generates tissue-resident memory CD8 T cells that are highly 

protective against influenza virus infection. Mucosal Immunol. 2015;8(5):1060-71. Epub 

2015/01/15. doi: 10.1038/mi.2014.133. PubMed PMID: 25586557. 

 

132. Sheridan BS, Lefrancois L. Regional and mucosal memory T cells. Nat Immunol. 

2011;12(6):485-91. Epub 2011/07/09. doi: 10.1038/ni.2029. PubMed PMID: 21739671; PMCID: 

PMC3224372. 

 

133. Hu Y, Cauley L. Antigen and transforming growth factor Beta receptors contribute to long 

term functional and phenotypic heterogeneity of memory CD8 T cells. Front Immunol. 



 56 

2013;4:227. Epub 2013/08/22. doi: 10.3389/fimmu.2013.00227. PubMed PMID: 23964275; 

PMCID: PMC3740294. 

 

134. Carlson CM, Turpin EA, Moser LA, O'Brien KB, Cline TD, Jones JC, Tumpey TM, Katz 

JM, Kelley LA, Gauldie J, Schultz-Cherry S. Transforming growth factor-beta: activation by 

neuraminidase and role in highly pathogenic H5N1 influenza pathogenesis. PLoS Pathog. 

2010;6(10):e1001136. Epub 2010/10/16. doi: 10.1371/journal.ppat.1001136. PubMed PMID: 

20949074; PMCID: PMC2951376. 

 

135. Schultz-Cherry S, Hinshaw VS. Influenza virus neuraminidase activates latent 

transforming growth factor beta. J Virol. 1996;70(12):8624-9. Epub 1996/12/01. PubMed PMID: 

8970987; PMCID: PMC190955. 

 

136. Wilson MS, Wynn TA. Pulmonary fibrosis: pathogenesis, etiology and regulation. 

Mucosal Immunol. 2009;2(2):103-21. Epub 2009/01/09. doi: 10.1038/mi.2008.85. PubMed 

PMID: 19129758; PMCID: PMC2675823. 

 

137. Hayward SL, Scharer CD, Cartwright EK, Takamura S, Li ZT, Boss JM, Kohlmeier JE. 

Environmental cues regulate epigenetic reprogramming of airway-resident memory CD8(+) T 

cells. Nat Immunol. 2020;21(3):309-20. Epub 2020/01/19. doi: 10.1038/s41590-019-0584-x. 

PubMed PMID: 31953534; PMCID: PMC7044042. 



 57 

138. Kinnear E, Lambert L, McDonald JU, Cheeseman HM, Caproni LJ, Tregoning JS. Airway 

T cells protect against RSV infection in the absence of antibody. Mucosal Immunol. 

2018;11(1):290. Epub 2017/08/31. doi: 10.1038/mi.2017.79. PubMed PMID: 28853440. 

 

139. Yoshizawa A, Bi K, Keskin DB, Zhang G, Reinhold B, Reinherz EL. TCR-pMHC 

encounter differentially regulates transcriptomes of tissue-resident CD8 T cells. Eur J Immunol. 

2018;48(1):128-50. Epub 2017/09/06. doi: 10.1002/eji.201747174. PubMed PMID: 28872670; 

PMCID: PMC6531858. 

 

140. Takamura S. Niches for the Long-Term Maintenance of Tissue-Resident Memory T Cells. 

Front Immunol. 2018;9:1214. Epub 2018/06/16. doi: 10.3389/fimmu.2018.01214. PubMed PMID: 

29904388; PMCID: PMC5990602. 

 

141. Takamura S. Persistence in Temporary Lung Niches: A Survival Strategy of Lung-

Resident Memory CD8(+) T Cells. Viral Immunol. 2017;30(6):438-50. Epub 2017/04/19. doi: 

10.1089/vim.2017.0016. PubMed PMID: 28418771; PMCID: PMC5512299. 

 

142. Kumar PA, Hu Y, Yamamoto Y, Hoe NB, Wei TS, Mu D, Sun Y, Joo LS, Dagher R, 

Zielonka EM, Wang de Y, Lim B, Chow VT, Crum CP, Xian W, McKeon F. Distal airway stem 

cells yield alveoli in vitro and during lung regeneration following H1N1 influenza infection. Cell. 

2011;147(3):525-38. Epub 2011/11/01. doi: 10.1016/j.cell.2011.10.001. PubMed PMID: 

22036562; PMCID: PMC4040224. 



 58 

143. Gilchuk P, Hill TM, Guy C, McMaster SR, Boyd KL, Rabacal WA, Lu P, Shyr Y, 

Kohlmeier JE, Sebzda E, Green DR, Joyce S. A Distinct Lung-Interstitium-Resident Memory 

CD8(+) T Cell Subset Confers Enhanced Protection to Lower Respiratory Tract Infection. Cell 

Rep. 2016;16(7):1800-9. Epub 2016/08/09. doi: 10.1016/j.celrep.2016.07.037. PubMed PMID: 

27498869; PMCID: PMC5021515. 

 

144. Van Braeckel-Budimir N, Varga SM, Badovinac VP, Harty JT. Repeated Antigen 

Exposure Extends the Durability of Influenza-Specific Lung-Resident Memory CD8(+) T Cells 

and Heterosubtypic Immunity. Cell Rep. 2018;24(13):3374-82 e3. Epub 2018/09/27. doi: 

10.1016/j.celrep.2018.08.073. PubMed PMID: 30257199; PMCID: PMC6258017. 

 

145. Zhou AC, Wagar LE, Wortzman ME, Watts TH. Intrinsic 4-1BB signals are indispensable 

for the establishment of an influenza-specific tissue-resident memory CD8 T-cell population in the 

lung. Mucosal Immunol. 2017;10(5):1294-309. Epub 2017/01/05. doi: 10.1038/mi.2016.124. 

PubMed PMID: 28051085. 

 

146. Cullen JG, McQuilten HA, Quinn KM, Olshansky M, Russ BE, Morey A, Wei S, Prier JE, 

La Gruta NL, Doherty PC, Turner SJ. CD4(+) T help promotes influenza virus-specific CD8(+) T 

cell memory by limiting metabolic dysfunction. Proc Natl Acad Sci U S A. 2019;116(10):4481-8. 

Epub 2019/02/23. doi: 10.1073/pnas.1808849116. PubMed PMID: 30787194; PMCID: 

PMC6410826. 



 59 

147. Schenkel JM, Fraser KA, Vezys V, Masopust D. Sensing and alarm function of resident 

memory CD8(+) T cells. Nat Immunol. 2013;14(5):509-13. Epub 2013/04/02. doi: 

10.1038/ni.2568. PubMed PMID: 23542740; PMCID: PMC3631432. 

 

148. Ariotti S, Beltman JB, Chodaczek G, Hoekstra ME, van Beek AE, Gomez-Eerland R, 

Ritsma L, van Rheenen J, Maree AF, Zal T, de Boer RJ, Haanen JB, Schumacher TN. Tissue-

resident memory CD8+ T cells continuously patrol skin epithelia to quickly recognize local 

antigen. Proc Natl Acad Sci U S A. 2012;109(48):19739-44. Epub 2012/11/15. doi: 

10.1073/pnas.1208927109. PubMed PMID: 23150545; PMCID: PMC3511734. 

 

149. Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS. Skin infection generates 

non-migratory memory CD8+ T(RM) cells providing global skin immunity. Nature. 

2012;483(7388):227-31. Epub 2012/03/06. doi: 10.1038/nature10851. PubMed PMID: 22388819; 

PMCID: PMC3437663. 

 

150. Schenkel JM, Fraser KA, Beura LK, Pauken KE, Vezys V, Masopust D. Tissue resident 

memory. Resident memory CD8 T cells trigger protective innate and adaptive immune responses. 

Science. 2014;346(6205):98-101. Epub 2014/08/30. doi: 10.1126/science.1254536. PubMed 

PMID: 25170049; PMCID: PMC4449618. 

 

151. Liang S, Mozdzanowska K, Palladino G, Gerhard W. Heterosubtypic immunity to 

influenza type A virus in mice. Effector mechanisms and their longevity. J Immunol. 

1994;152(4):1653-61. Epub 1994/02/15. PubMed PMID: 8120375. 



 60 

152. Marshall DR, Turner SJ, Belz GT, Wingo S, Andreansky S, Sangster MY, Riberdy JM, 

Liu T, Tan M, Doherty PC. Measuring the diaspora for virus-specific CD8+ T cells. Proc Natl 

Acad Sci U S A. 2001;98(11):6313-8. Epub 2001/05/10. doi: 10.1073/pnas.101132698. PubMed 

PMID: 11344265; PMCID: PMC33465. 

 

153. Kohlmeier JE, Miller SC, Woodland DL. Cutting Edge: Antigen Is Not Required for the 

Activation and Maintenance of Virus-Specific Memory CD8+ T Cells in the Lung Airways. The 

Journal of Immunology. 2007;178(8):4721-5. doi: 10.4049/jimmunol.178.8.4721. 

 

154. Kohlmeier JE, Woodland DL. Immunity to respiratory viruses. Annu Rev Immunol. 

2009;27:61-82. Epub 2008/10/29. doi: 10.1146/annurev.immunol.021908.132625. PubMed 

PMID: 18954284. 

 

155. Wakim LM, Woodward-Davis A, Bevan MJ. Memory T cells persisting within the brain 

after local infection show functional adaptations to their tissue of residence. Proc Natl Acad Sci U 

S A. 2010;107(42):17872-9. Epub 2010/10/07. doi: 10.1073/pnas.1010201107. PubMed PMID: 

20923878; PMCID: PMC2964240. 

 

156. Zaid A, Mackay LK, Rahimpour A, Braun A, Veldhoen M, Carbone FR, Manton JH, Heath 

WR, Mueller SN. Persistence of skin-resident memory T cells within an epidermal niche. Proc 

Natl Acad Sci U S A. 2014;111(14):5307-12. Epub 2014/04/08. doi: 10.1073/pnas.1322292111. 

PubMed PMID: 24706879; PMCID: PMC3986170. 



 61 

157. Vaccine effectiveness: How well do the flu vaccines work? : CDC;  [cited 2020]. Available 

from: https://www.cdc.gov/flu/vaccines-work/vaccineeffect.htm. 

 

158. Lambert LC, Fauci AS. Influenza vaccines for the future. N Engl J Med. 

2010;363(21):2036-44. Epub 2010/11/19. doi: 10.1056/NEJMra1002842. PubMed PMID: 

21083388. 

 

159. Selecting viruses for the seasonal influenza vaccine  [2020]. Available from: 

https://www.cdc.gov/flu/prevent/vaccine-selection.htm. 

 

160. Chen R, Holmes EC. Avian influenza virus exhibits rapid evolutionary dynamics. Mol Biol 

Evol. 2006;23(12):2336-41. Epub 2006/09/02. doi: 10.1093/molbev/msl102. PubMed PMID: 

16945980. 

 

161. Wu T, Guan J, Handel A, Tscharke DC, Sidney J, Sette A, Wakim LM, Sng XYX, Thomas 

PG, Croft NP, Purcell AW, La Gruta NL. Quantification of epitope abundance reveals the effect 

of direct and cross-presentation on influenza CTL responses. Nat Commun. 2019;10(1):2846. 

Epub 20190628. doi: 10.1038/s41467-019-10661-8. PubMed PMID: 31253788; PMCID: 

PMC6599079. 

 

162. Terajima M, Cruz J, Leporati AM, Orphin L, Babon JA, Co MD, Pazoles P, Jameson J, 

Ennis FA. Influenza A virus matrix protein 1-specific human CD8+ T-cell response induced in 



 62 

trivalent inactivated vaccine recipients. J Virol. 2008;82(18):9283-7. Epub 20080709. doi: 

10.1128/JVI.01047-08. PubMed PMID: 18614638; PMCID: PMC2546892. 

 

163. Taylor PM, Askonas BA. Influenza nucleoprotein-specific cytotoxic T-cell clones are 

protective in vivo. Immunology. 1986;58(3):417-20. PubMed PMID: 2426185; PMCID: 

PMC1453480. 

 

164. Clemens EB, van de Sandt C, Wong SS, Wakim LM, Valkenburg SA. Harnessing the 

Power of T Cells: The Promising Hope for a Universal Influenza Vaccine. Vaccines (Basel). 

2018;6(2). Epub 2018/03/29. doi: 10.3390/vaccines6020018. PubMed PMID: 29587436; PMCID: 

PMC6027237. 

 

165. Deliyannis G, Kedzierska K, Lau YF, Zeng W, Turner SJ, Jackson DC, Brown LE. 

Intranasal lipopeptide primes lung-resident memory CD8+ T cells for long-term pulmonary 

protection against influenza. Eur J Immunol. 2006;36(3):770-8. Epub 2006/01/26. doi: 

10.1002/eji.200535217. PubMed PMID: 16435281. 

 

166. Gasper DJ, Neldner B, Plisch EH, Rustom H, Carrow E, Imai H, Kawaoka Y, Suresh M. 

Effective Respiratory CD8 T-Cell Immunity to Influenza Virus Induced by Intranasal Carbomer-

Lecithin-Adjuvanted Non-replicating Vaccines. PLoS Pathog. 2016;12(12):e1006064. Epub 

2016/12/21. doi: 10.1371/journal.ppat.1006064. PubMed PMID: 27997610; PMCID: 

PMC5173246 all PLOS Pathogens policies on sharing data and materials. 



 63 

167. Knight FC, Wilson JT. Engineering Vaccines for Tissue-Resident Memory T Cells. Adv 

Ther (Weinh). 2021;4(4). Epub 20210120. doi: 10.1002/adtp.202000230. PubMed PMID: 

33997268; PMCID: PMC8114897. 

 

168. Deng L, Chang TZ, Wang Y, Li S, Wang S, Matsuyama S, Yu G, Compans RW, Li JD, 

Prausnitz MR, Champion JA, Wang BZ. Heterosubtypic influenza protection elicited by double-

layered polypeptide nanoparticles in mice. Proc Natl Acad Sci U S A. 2018;115(33):E7758-E67. 

Epub 20180731. doi: 10.1073/pnas.1805713115. PubMed PMID: 30065113; PMCID: 

PMC6099848. 

 

169. Knight FC, Gilchuk P, Kumar A, Becker KW, Sevimli S, Jacobson ME, Suryadevara N, 

Wang-Bishop L, Boyd KL, Crowe JE, Jr., Joyce S, Wilson JT. Mucosal Immunization with a pH-

Responsive Nanoparticle Vaccine Induces Protective CD8(+) Lung-Resident Memory T Cells. 

ACS Nano. 2019;13(10):10939-60. Epub 20191004. doi: 10.1021/acsnano.9b00326. PubMed 

PMID: 31553872; PMCID: PMC6832804. 

 

170. Caminschi I, Lahoud MH, Pizzolla A, Wakim LM. Zymosan by-passes the requirement for 

pulmonary antigen encounter in lung tissue-resident memory CD8(+) T cell development. Mucosal 

Immunol. 2019;12(2):403-12. Epub 20190121. doi: 10.1038/s41385-018-0124-2. PubMed PMID: 

30664708. 

 



 64 

171. HogenEsch H, O'Hagan DT, Fox CB. Optimizing the utilization of aluminum adjuvants in 

vaccines: you might just get what you want. NPJ Vaccines. 2018;3:51. Epub 20181010. doi: 

10.1038/s41541-018-0089-x. PubMed PMID: 30323958; PMCID: PMC6180056. 

 

172. Lapuente D, Storcksdieck Genannt Bonsmann M, Maaske A, Stab V, Heinecke V, 

Watzstedt K, Hess R, Westendorf AM, Bayer W, Ehrhardt C, Tenbusch M. IL-1beta as mucosal 

vaccine adjuvant: the specific induction of tissue-resident memory T cells improves the 

heterosubtypic immunity against influenza A viruses. Mucosal Immunol. 2018;11(4):1265-78. 

Epub 2018/03/17. doi: 10.1038/s41385-018-0017-4. PubMed PMID: 29545648. 

 

173. Holz LE, Prier JE, Freestone D, Steiner TM, English K, Johnson DN, Mollard V, Cozijnsen 

A, Davey GM, Godfrey DI, Yui K, Mackay LK, Lahoud MH, Caminschi I, McFadden GI, 

Bertolino P, Fernandez-Ruiz D, Heath WR. CD8(+) T Cell Activation Leads to Constitutive 

Formation of Liver Tissue-Resident Memory T Cells that Seed a Large and Flexible Niche in the 

Liver. Cell Rep. 2018;25(1):68-79 e4. doi: 10.1016/j.celrep.2018.08.094. PubMed PMID: 

30282039. 

 

174. Thompson EA, Darrah PA, Foulds KE, Hoffer E, Caffrey-Carr A, Norenstedt S, Perbeck 

L, Seder RA, Kedl RM, Lore K. Monocytes Acquire the Ability to Prime Tissue-Resident T Cells 

via IL-10-Mediated TGF-beta Release. Cell Rep. 2019;28(5):1127-35 e4. doi: 

10.1016/j.celrep.2019.06.087. PubMed PMID: 31365858; PMCID: PMC6825402. 

 



 65 

175. Moraes TJ, Lin GH, Wen T, Watts TH. Incorporation of 4-1BB ligand into an adenovirus 

vaccine vector increases the number of functional antigen-specific CD8 T cells and enhances the 

duration of protection against influenza-induced respiratory disease. Vaccine. 2011;29(37):6301-

12. Epub 2011/06/28. doi: 10.1016/j.vaccine.2011.06.022. PubMed PMID: 21704101. 

 

176. Zhou AC, Batista NV, Watts TH. 4-1BB Regulates Effector CD8 T Cell Accumulation in 

the Lung Tissue through a TRAF1-, mTOR-, and Antigen-Dependent Mechanism to Enhance 

Tissue-Resident Memory T Cell Formation during Respiratory Influenza Infection. J Immunol. 

2019;202(8):2482-92. Epub 2019/03/15. doi: 10.4049/jimmunol.1800795. PubMed PMID: 

30867239. 

 

177. Morabito KM, Ruckwardt TR, Redwood AJ, Moin SM, Price DA, Graham BS. Intranasal 

administration of RSV antigen-expressing MCMV elicits robust tissue-resident effector and 

effector memory CD8+ T cells in the lung. Mucosal Immunol. 2017;10(2):545-54. Epub 

20160525. doi: 10.1038/mi.2016.48. PubMed PMID: 27220815; PMCID: PMC5123975. 

 

178. Perdomo C, Zedler U, Kuhl AA, Lozza L, Saikali P, Sander LE, Vogelzang A, Kaufmann 

SH, Kupz A. Mucosal BCG Vaccination Induces Protective Lung-Resident Memory T Cell 

Populations against Tuberculosis. mBio. 2016;7(6). Epub 20161122. doi: 10.1128/mBio.01686-

16. PubMed PMID: 27879332; PMCID: PMC5120139. 

 

179. Hassan AO, Kafai NM, Dmitriev IP, Fox JM, Smith BK, Harvey IB, Chen RE, Winkler 

ES, Wessel AW, Case JB, Kashentseva E, McCune BT, Bailey AL, Zhao H, VanBlargan LA, Dai 



 66 

YN, Ma M, Adams LJ, Shrihari S, Danis JE, Gralinski LE, Hou YJ, Schafer A, Kim AS, Keeler 

SP, Weiskopf D, Baric RS, Holtzman MJ, Fremont DH, Curiel DT, Diamond MS. A Single-Dose 

Intranasal ChAd Vaccine Protects Upper and Lower Respiratory Tracts against SARS-CoV-2. 

Cell. 2020;183(1):169-84 e13. Epub 20200819. doi: 10.1016/j.cell.2020.08.026. PubMed PMID: 

32931734; PMCID: PMC7437481. 

 

180. Coughlan L, Sridhar S, Payne R, Edmans M, Milicic A, Venkatraman N, Lugonja B, 

Clifton L, Qi C, Folegatti PM, Lawrie AM, Roberts R, de Graaf H, Sukhtankar P, Faust SN, Lewis 

DJM, Lambe T, Hill A, Gilbert SC. Heterologous Two-Dose Vaccination with Simian Adenovirus 

and Poxvirus Vectors Elicits Long-Lasting Cellular Immunity to Influenza Virus A in Healthy 

Adults. EBioMedicine. 2018;29:146-54. Epub 2018/03/10. doi: 10.1016/j.ebiom.2018.02.011. 

PubMed PMID: 29519670; PMCID: PMC5926543. 

 

181. Uddback IE, Pedersen LM, Pedersen SR, Steffensen MA, Holst PJ, Thomsen AR, 

Christensen JP. Combined local and systemic immunization is essential for durable T-cell 

mediated heterosubtypic immunity against influenza A virus. Sci Rep. 2016;6:20137. Epub 

2016/02/03. doi: 10.1038/srep20137. PubMed PMID: 26831578; PMCID: PMC4735591. 

 

182. Vitelli A, Quirion MR, Lo CY, Misplon JA, Grabowska AK, Pierantoni A, Ammendola V, 

Price GE, Soboleski MR, Cortese R, Colloca S, Nicosia A, Epstein SL. Vaccination to conserved 

influenza antigens in mice using a novel Simian adenovirus vector, PanAd3, derived from the 

bonobo Pan paniscus. PLoS One. 2013;8(3):e55435. Epub 2013/03/29. doi: 

10.1371/journal.pone.0055435. PubMed PMID: 23536756; PMCID: PMC3594242. 



 67 

183. Uddback IE, Steffensen MA, Pedersen SR, Nazerai L, Thomsen AR, Christensen JP. PB1 

as a potential target for increasing the breadth of T-cell mediated immunity to Influenza A. Sci 

Rep. 2016;6:35033. Epub 2016/10/08. doi: 10.1038/srep35033. PubMed PMID: 27713532; 

PMCID: PMC5054373 ART hold a patent regarding the invariant chain fusion technology. 

 

184. Uddback I, Cartwright EK, Scholler AS, Wein AN, Hayward SL, Lobby J, Takamura S, 

Thomsen AR, Kohlmeier JE, Christensen JP. Long-term maintenance of lung resident memory T 

cells is mediated by persistent antigen. Mucosal Immunol. 2021;14(1):92-9. Epub 2020/06/11. doi: 

10.1038/s41385-020-0309-3. PubMed PMID: 32518368; PMCID: PMC7726002. 

 

185. Pleguezuelos O, Robinson S, Fernandez A, Stoloff GA, Mann A, Gilbert A, Balaratnam 

G, Wilkinson T, Lambkin-Williams R, Oxford J, Caparros-Wanderley W. A Synthetic Influenza 

Virus Vaccine Induces a Cellular Immune Response That Correlates with Reduction in 

Symptomatology and Virus Shedding in a Randomized Phase Ib Live-Virus Challenge in Humans. 

Clin Vaccine Immunol. 2015;22(7):828-35. Epub 2015/05/23. doi: 10.1128/CVI.00098-15. 

PubMed PMID: 25994549; PMCID: PMC4478518. 

 

186. Lillie PJ, Berthoud TK, Powell TJ, Lambe T, Mullarkey C, Spencer AJ, Hamill M, Peng 

Y, Blais ME, Duncan CJ, Sheehy SH, Havelock T, Faust SN, Williams RL, Gilbert A, Oxford J, 

Dong T, Hill AV, Gilbert SC. Preliminary assessment of the efficacy of a T-cell-based influenza 

vaccine, MVA-NP+M1, in humans. Clin Infect Dis. 2012;55(1):19-25. Epub 20120322. doi: 

10.1093/cid/cis327. PubMed PMID: 22441650; PMCID: PMC3369564. 



 68 

187. Powell TJ, Peng Y, Berthoud TK, Blais ME, Lillie PJ, Hill AV, Rowland-Jones SL, 

McMichael AJ, Gilbert SC, Dong T. Examination of influenza specific T cell responses after 

influenza virus challenge in individuals vaccinated with MVA-NP+M1 vaccine. PLoS One. 

2013;8(5):e62778. Epub 2013/05/10. doi: 10.1371/journal.pone.0062778. PubMed PMID: 

23658773; PMCID: PMC3643913. 

 

188. Zens KD, Chen JK, Farber DL. Vaccine-generated lung tissue-resident memory T cells 

provide heterosubtypic protection to influenza infection. JCI Insight. 2016;1(10). doi: 

10.1172/jci.insight.85832. PubMed PMID: 27468427; PMCID: PMC4959801. 

 

189. Zens KD, Chen JK, Guyer RS, Wu FL, Cvetkovski F, Miron M, Farber DL. Reduced 

generation of lung tissue-resident memory T cells during infancy. J Exp Med. 2017;214(10):2915-

32. Epub 20170830. doi: 10.1084/jem.20170521. PubMed PMID: 28855242; PMCID: 

PMC5626403. 

 

190. Hoft DF, Babusis E, Worku S, Spencer CT, Lottenbach K, Truscott SM, Abate G, Sakala 

IG, Edwards KM, Creech CB, Gerber MA, Bernstein DI, Newman F, Graham I, Anderson EL, 

Belshe RB. Live and inactivated influenza vaccines induce similar humoral responses, but only 

live vaccines induce diverse T-cell responses in young children. J Infect Dis. 2011;204(6):845-53. 

Epub 20110815. doi: 10.1093/infdis/jir436. PubMed PMID: 21846636; PMCID: PMC3156924. 

 

191. Altenburg AF, van Trierum SE, de Bruin E, de Meulder D, van de Sandt CE, van der Klis 

FRM, Fouchier RAM, Koopmans MPG, Rimmelzwaan GF, de Vries RD. Effects of pre-existing 



 69 

orthopoxvirus-specific immunity on the performance of Modified Vaccinia virus Ankara-based 

influenza vaccines. Sci Rep. 2018;8(1):6474. Epub 20180424. doi: 10.1038/s41598-018-24820-2. 

PubMed PMID: 29692427; PMCID: PMC5915537. 

 

192. Fausther-Bovendo H, Kobinger GP. Pre-existing immunity against Ad vectors: humoral, 

cellular, and innate response, what's important? Hum Vaccin Immunother. 2014;10(10):2875-84. 

doi: 10.4161/hv.29594. PubMed PMID: 25483662; PMCID: PMC5443060. 

 

193. Seregin SS, Amalfitano A. Overcoming pre-existing adenovirus immunity by genetic 

engineering of adenovirus-based vectors. Expert Opin Biol Ther. 2009;9(12):1521-31. doi: 

10.1517/14712590903307388. PubMed PMID: 19780714. 

 

194. Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin AI, Zubkova OV, 

Dzharullaeva AS, Kovyrshina AV, Lubenets NL, Grousova DM, Erokhova AS, Botikov AG, 

Izhaeva FM, Popova O, Ozharovskaya TA, Esmagambetov IB, Favorskaya IA, Zrelkin DI, 

Voronina DV, Shcherbinin DN, Semikhin AS, Simakova YV, Tokarskaya EA, Egorova DA, 

Shmarov MM, Nikitenko NA, Gushchin VA, Smolyarchuk EA, Zyryanov SK, Borisevich SV, 

Naroditsky BS, Gintsburg AL, Gam C-VVTG. Safety and efficacy of an rAd26 and rAd5 vector-

based heterologous prime-boost COVID-19 vaccine: an interim analysis of a randomised 

controlled phase 3 trial in Russia. Lancet. 2021;397(10275):671-81. Epub 2021/02/06. doi: 

10.1016/S0140-6736(21)00234-8. PubMed PMID: 33545094; PMCID: PMC7852454. 

 



 70 

195. Stephenson KE, Le Gars M, Sadoff J, de Groot AM, Heerwegh D, Truyers C, Atyeo C, 

Loos C, Chandrashekar A, McMahan K, Tostanoski LH, Yu J, Gebre MS, Jacob-Dolan C, Li Z, 

Patel S, Peter L, Liu J, Borducchi EN, Nkolola JP, Souza M, Tan CS, Zash R, Julg B, 

Nathavitharana RR, Shapiro RL, Azim AA, Alonso CD, Jaegle K, Ansel JL, Kanjilal DG, Guiney 

CJ, Bradshaw C, Tyler A, Makoni T, Yanosick KE, Seaman MS, Lauffenburger DA, Alter G, 

Struyf F, Douoguih M, Van Hoof J, Schuitemaker H, Barouch DH. Immunogenicity of the 

Ad26.COV2.S Vaccine for COVID-19. JAMA. 2021;325(15):1535-44. Epub 2021/03/12. doi: 

10.1001/jama.2021.3645. PubMed PMID: 33704352; PMCID: PMC7953339. 

 

196. Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-Rammerstorfer S, Bellamy D, 

Bibi S, Bittaye M, Clutterbuck EA, Dold C, Faust SN, Finn A, Flaxman AL, Hallis B, Heath P, 

Jenkin D, Lazarus R, Makinson R, Minassian AM, Pollock KM, Ramasamy M, Robinson H, Snape 

M, Tarrant R, Voysey M, Green C, Douglas AD, Hill AVS, Lambe T, Gilbert SC, Pollard AJ, 

Oxford CVTG. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-

CoV-2: a preliminary report of a phase 1/2, single-blind, randomised controlled trial. Lancet. 

2020;396(10249):467-78. Epub 2020/07/24. doi: 10.1016/S0140-6736(20)31604-4. PubMed 

PMID: 32702298; PMCID: PMC7445431. 

 

197. Mercado NB, Zahn R, Wegmann F, Loos C, Chandrashekar A, Yu J, Liu J, Peter L, 

McMahan K, Tostanoski LH, He X, Martinez DR, Rutten L, Bos R, van Manen D, Vellinga J, 

Custers J, Langedijk JP, Kwaks T, Bakkers MJG, Zuijdgeest D, Rosendahl Huber SK, Atyeo C, 

Fischinger S, Burke JS, Feldman J, Hauser BM, Caradonna TM, Bondzie EA, Dagotto G, Gebre 

MS, Hoffman E, Jacob-Dolan C, Kirilova M, Li Z, Lin Z, Mahrokhian SH, Maxfield LF, 



 71 

Nampanya F, Nityanandam R, Nkolola JP, Patel S, Ventura JD, Verrington K, Wan H, Pessaint L, 

Van Ry A, Blade K, Strasbaugh A, Cabus M, Brown R, Cook A, Zouantchangadou S, Teow E, 

Andersen H, Lewis MG, Cai Y, Chen B, Schmidt AG, Reeves RK, Baric RS, Lauffenburger DA, 

Alter G, Stoffels P, Mammen M, Van Hoof J, Schuitemaker H, Barouch DH. Single-shot Ad26 

vaccine protects against SARS-CoV-2 in rhesus macaques. Nature. 2020;586(7830):583-8. Epub 

2020/07/31. doi: 10.1038/s41586-020-2607-z. PubMed PMID: 32731257; PMCID: 

PMC7581548. 

 

198. Francis T, Jr. The current status of the control of influenza. Ann Intern Med. 

1955;43(3):534-8. doi: 10.7326/0003-4819-43-3-534. PubMed PMID: 13249235. 

 

199. Cobey S, Hensley SE. Immune history and influenza virus susceptibility. Curr Opin Virol. 

2017;22:105-11. Epub 20170112. doi: 10.1016/j.coviro.2016.12.004. PubMed PMID: 28088686; 

PMCID: PMC5467731. 

 

200. Gostic KM, Ambrose M, Worobey M, Lloyd-Smith JO. Potent protection against H5N1 

and H7N9 influenza via childhood hemagglutinin imprinting. Science. 2016;354(6313):722-6. doi: 

10.1126/science.aag1322. PubMed PMID: 27846599; PMCID: PMC5134739. 

 

201. Linderman SL, Ellebedy AH, Davis C, Eberhardt CS, Antia R, Ahmed R, Zarnitsyna VI. 

Influenza Immunization in the Context of Preexisting Immunity. Cold Spring Harb Perspect Med. 

2021;11(11). Epub 20211101. doi: 10.1101/cshperspect.a040964. PubMed PMID: 32988981; 

PMCID: PMC8559541. 



 72 

202. Johnson LR, Weizman OE, Rapp M, Way SS, Sun JC. Epitope-Specific Vaccination Limits 

Clonal Expansion of Heterologous Naive T Cells during Viral Challenge. Cell Rep. 

2016;17(3):636-44. doi: 10.1016/j.celrep.2016.09.019. PubMed PMID: 27732841; PMCID: 

PMC5503750. 

 

203. Olson MR, Chua BY, Good-Jacobson KL, Doherty PC, Jackson DC, Turner SJ. 

Competition within the virus-specific CD4 T-cell pool limits the T follicular helper response after 

influenza infection. Immunol Cell Biol. 2016;94(8):729-40. Epub 20160422. doi: 

10.1038/icb.2016.42. PubMed PMID: 27101922. 

 

204. Saggau C, Martini GR, Rosati E, Meise S, Messner B, Kamps AK, Bekel N, Gigla J, Rose 

R, Voss M, Geisen UM, Reid HM, Sumbul M, Tran F, Berner DK, Khodamoradi Y, Vehreschild 

M, Cornely O, Koehler P, Krumbholz A, Fickenscher H, Kreuzer O, Schreiber C, Franke A, 

Schreiber S, Hoyer B, Scheffold A, Bacher P. The pre-exposure SARS-CoV-2-specific T cell 

repertoire determines the quality of the immune response to vaccination. Immunity. 2022. Epub 

20220812. doi: 10.1016/j.immuni.2022.08.003. PubMed PMID: 35985324; PMCID: 

PMC9372089. 

 

 

 

 

 

 



 73 

Chapter II: Persistent antigen harbored by alveolar macrophages enhances the 

maintenance of lung-resident memory CD8+ T cells 

 

Jenna L. Lobby1, Ida Uddbäck1,2, Christopher D. Scharer1, Tian Mi1, Jeremy M. Boss1, Allan R. 

Thomsen2, Jan P. Christensen2, and Jacob E. Kohlmeier1,3 

 

1 Department of Microbiology and Immunology, Emory University School of Medicine, Atlanta, 

GA, 30322 USA 

2 Department of Immunology and Microbiology, University of Copenhagen, Copenhagen, 

DK2200, Denmark 

3 Correspondence: Jacob Kohlmeier, 1510 Clifton Rd., RRC 3133, Atlanta, GA 30322 

Telephone: 404-727-7023, Email: jkohlmeier@emory.edu 

 

Modified for thesis from accepted version prepared for The Journal of Immunology 

 

 

 

 



 74 

Abstract 

Lung tissue-resident memory T cells are crucial mediators of cellular immunity against respiratory 

viruses; however, their gradual decline hinders the development of T-cell based vaccines against 

respiratory pathogens. Recently, studies using adenovirus-based vaccine vectors have shown that 

the number of protective lung-resident CD8+ TRM can be maintained long-term. Here, we show 

that immunization of mice with a replication-deficient adenovirus expressing influenza 

nucleoprotein (AdNP) generates a long-lived lung TRM pool that is transcriptionally indistinct from 

those generated during a primary influenza infection. In addition, we demonstrate that CD4+ T 

cells contribute to the long-term maintenance of AdNP-induced CD8+ TRM. Using a lineage tracing 

approach, we identify alveolar macrophages as a cell source of persistent NP antigen following 

immunization with AdNP. Importantly, depletion of alveolar macrophages following AdNP 

immunization resulted in significantly reduced numbers of NP-specific CD8+ TRM in the lungs and 

airways. Combined, our results provide further insight to the mechanisms governing the enhanced 

longevity of antigen-specific CD8+ lung TRM observed following immunization with recombinant 

adenovirus.  
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Introduction 

CD8+ tissue-resident memory T cells (TRM) are a distinct subset of memory T cells that are 

established within barrier tissues such as the lung, skin, and reproductive tract, where they provide 

a critical line of local defense against pathogen challenge. Canonically defined as extravascular 

cells that express surface markers known to promote retention (such as CD69 and/or CD103), TRM 

share a core transcriptional signature that promotes their longevity and further distinguishes them 

from effector and central memory T cell subsets (TEM and TCM, respectively) 1-5. Within the lung 

and airways, CD8+ TRM confer protection against a variety of respiratory pathogens, including 

influenza virus and SARS-CoV-2 2-4, 6, 7. Although they do not provide sterilizing immunity, lung 

resident TRM have been shown to significantly improve the immune response to heterologous 

influenza infection by rapidly reducing viral loads and limiting immunopathology 1, 8-11. However, 

while studies of TRM populations in the skin, intestinal tract, and reproductive tract indicate that 

CD8+ TRM remain relatively stable within these tissues and provide long-lasting protection, the 

number of virus-specific CD8+ TRM in the lung steadily declines over time to nearly undetectable 

levels 8, 12-16. The mechanisms behind this loss of TRM are not entirely understood, but it has been 

well established that the decline in lung TRM greatly diminishes the protective capacity of cellular 

immunity against influenza virus 17.  

Given the demonstrated importance of CD8+ lung TRM in mediating protection against 

pulmonary challenge, identifying mechanisms governing their formation and longevity within the 

respiratory tract is of great interest. Despite many gaps in our current knowledge, several key 

factors such as exposure to TGF-b, IL-15, and recognition of cognate antigen within the lung tissue 

have been identified as important for the development and long-term survival of CD8+ lung TRM 

2, 18-22. Several studies have also investigated the role of co-stimulatory molecules, such as 4-
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1BB/4-1BBL, in the formation and accumulation of TRM, as well as their inclusion in vaccine 

platforms designed to target influenza virus 23-28. Virus-based vectors, such as replication-deficient 

adenoviruses (Ad), are of particular interest as a vaccine platform candidate because they can be 

easily manipulated and have been shown to induce robust memory CD8+ T cell responses against 

viral and cancer antigens 29-34. Most recently, Ad vectors have been utilized in the formulation of 

vaccines against the SARS-CoV-2 pandemic virus 35-38. One key feature of Ad vectors that 

contributes to their success in inducing long-lasting cellular immunity is the ability of the vector 

to persist in vivo 39-41. For example, a recent study demonstrated that Ad vectors can generate local 

antigen depots that support generation of local immunity 42. This finding complements prior work 

that showed that a combined systemic and local immunization strategy using an adeno-based 

vector that expresses the influenza A nucleoprotein (AdNP) results in formation of NP-specific 

CD8+ lung TRM that provide protection against heterologous influenza virus for up to 1-year post-

immunization, and that influenza NP antigen persists long-term in the lungs of mice following 

immunization 31, 43. This starkly contrasts the dynamics of TRM following infection with influenza 

virus and could provide critical insight to the mechanisms of TRM generation and maintenance 

within the respiratory tract.   

In this present study, we further investigate mechanisms that contribute to the longevity of 

CD8+ lung TRM and identify the cellular source of persistent antigen in AdNP immunized animals. 

Prior findings suggested that circulating CD8+ T cells are pulled into the lung TRM pool in AdNP 

immunized mice, potentially providing an explanation for the enhanced maintenance of lung TRM 

and duration of protection 43. Here, we find that CD8+ lung TRM generated following infection with 

influenza or immunization with AdNP are transcriptionally similar, indicating that cell-extrinsic 

factors are promoting TRM longevity. In addition, we find that help from CD4+ T cells is important 
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for maintaining the TRM pool in the lungs and airways of mice immunized with AdNP. Using a 

combination of lineage tracing experiments and immunofluorescence microscopy, we identify 

alveolar macrophages as the cellular source of NP antigen in the lungs following intranasal 

immunization and confirm that depletion of this cell subset reduces the number of CD8+ lung TRM 

over time. These results provide further insight into the mechanisms driving enhancement of TRM 

in the respiratory tract following immunization with replication-deficient adenovirus vectors and 

will inform future design of vector-based vaccines against respiratory pathogens, including 

influenza virus.  
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Materials & Methods 
Mice 

C57BL/6J (WT) and B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Ai14) mice were bred in-house 

or purchased from Jackson Laboratory and were housed at Emory University under specific 

pathogen-free conditions. Mice were between 8-12 weeks of age at time of infection, after which 

they were housed in specific animal biosafety level 2 conditions. Both male and female mice were 

used for experiments. All experiments were conducted in accordance with the Institutional Animal 

Care and Use Committee (IACUC) guidelines of Emory University. 

 

Viral infections  

Replication-deficient adenovirus serotype 5 expressing influenza (A/Puerto Rico/8/34) 

nucleoprotein (AdNP) was produced and titered as previously described 31, 44. Replication-

deficient adenovirus serotype 5 expressing Cre recombinase (Ad-Cre) was obtained from 

SignaGen Laboratories. Prior to all infections, mice were anesthetized using isoflurane (Patterson 

Veterinary). For primary influenza infection, mice were inoculated intranasally (i.n.) with 30,000 

EID50 influenza A/HKx31 (x31) in 30uL volume. For adenovirus immunizations, mice were 

inoculated with 2x107 plaque-forming units (PFU) of adenovirus via both i.n. and subcutaneous 

(s.c.) routes each in 30uL volume. For secondary infection experiments, mice received either 500 

EID50 Sendai parainfluenza virus or 30,000 PFU x31 NP N370Q (x31 NP-) i.n. in 30uL volume. 

Control groups for challenge experiments received 30uL i.n. of 1X phosphate buffered saline 

solution (PBS).  
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Single cell isolation  

To distinguish tissue-resident cells from those in circulation, mice were intravenously (i.v.) labeled 

via tail vein injection of fluorescent anti-CD3e (1.5 ug) or anti-CD45 antibody (4 ug) in 200uL 1X 

PBS and rested for 5 minutes. Mice were subsequently euthanized by intraperitoneal (i.p.) injection 

with Avertin (2,2,2-tribromoethanol) followed by brachial exsanguination. Spleen, lungs, and 

bronchoalveolar lavage (BAL) were then harvested. Lungs were enzymatically digested in 

Collagenase D (5g/L, Roche) and DNase (2x106 U/L, Sigma) for 30 minutes at 37C, with 

occasional mechanical dissociation. To enrich for lymphocytes, lung samples were centrifuged in 

a 40%/80% Percoll gradient. For Ad-Cre experiments, lungs were digested using Collagenase D 

(5g/L), DNase (2x106 U/L), and Dispase (15U/mL, Sigma) and then passed through a 70um filter 

without centrifugation over a Percoll gradient. Spleens were mechanically dissociated and then 

RBC lysed. For cell sorts, CD8+ CD62L- splenocytes were enriched for using a Miltenyi CD8a+ T 

cell isolation kit and biotinylated anti-CD62L antibody just prior to staining.  

 

Cell staining and flow cytometry 

Single cell suspensions were first FC blocked using murine 2.4G2 antibody. Samples were then 

stained with influenza-specific tetramer against NP366-374Db (provided by the National Institutes of 

Health (NIH) Tetramer Core Facility at Emory University) for 1 hour at room temperature, 

followed by extracellular staining for 30 minutes. Cell viability was determined using either 

Zombie fixable viability dye (BioLegend) or 7-AAD. All samples were run on either a Fortessa 

X20 or a Symphony A3 (BD Biosciences) flow cytometer. Flow cytometry data were analyzed 

using FlowJo v.10 software.  
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RNA-sequencing  

For each population, 100-2000 cells were sorted on a FACSAria II (BD Biosciences) directly into 

RLT buffer (Qiagen) containing 1% 2-Mercaptoethanol and total RNA isolated using the Quick-

RNA Microprep kit (Zymo Research). All resulting RNA was used as input for the SMART-seq 

v4 cDNA synthesis kit (Takara) with 12 cycles of PCR amplification. cDNA was quantitated and 

200 pg of material was used with the NexteraXT kit and NexteraXT Indexing primers (Illumina, 

Inc) in 12 cycles of PCR to generate libraries. Samples were quality checked on a bioanalyzer, 

quantitated by Qubit fluorometer, pooled at equimolar ratios, and sequenced on a NextSeq500 

using 75 bp paired-end chemistry at the University of Alabama, Birmingham Helfin Genomics 

Core. Raw sequencing reads were mapped to the mm10 version of the mouse genome using STAR 

v2.5.3a 45 and duplicate reads flagged using PICARD (http://broadinstitute.github.io/picard/) 

filtered based on the uniquely mappable and non-redundant reads. Reads mapping to exons for all 

unique ENTREZ genes was summarized using GenomicRanges v1.34.0 46 package in R v3.5.2 

and data normalized using custom R/Bioconductor scripts. Differentially enriched genes (DEG) 

were determined using edgeR v3.24.3 47 and genes that displayed an absolute log2 fold change 

(log2FC) > l and a Benjamini-Hochberg false-discovery rate (FDR) corrected p-value < 0.05 were 

considered DEG. Principal component analysis was performed using the vegan package v2.5.6 

using the indicated set of DEG. The sequencing dataset can be accessed in the GEO repository 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE198980) under accession no. 

GSE198980.  
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CD4+ T cell depletion  

To deplete CD4+ T cells, mice were first injected i.p. with 200ug of anti-CD4 monoclonal antibody 

(clone GK1.5, Bio X Cell) or isotype control in 1X PBS, and then injected with 100ug i.p. every 

3-4 days afterwards for a total of 1 month of treatment.  

 

Depletion of alveolar macrophages 

High potency anionic liposomal clodronate and empty liposomes were obtained from FormuMax 

Scientific. Mice were anesthetized via injection with Avertin and then given 2mg in 100uL volume 

intra-tracheally (i.t.).  

 

Immunofluorescence microscopy 

BAL was collected and re-suspended in 1X PBS. 30,000-50,000 cells were then concentrated onto 

a glass slide using a Thermo Shandon Cytospin 4 cytocentrifuge. Slides were subsequently H&E 

stained using standard protocols or fixed using 75:25 acetone/ethanol. Fixed slides were blocked 

using FACS buffer containing 1ug/mL murine 2.4G2 antibody, 10% mouse serum, 10% rat serum, 

and 10% donkey serum. Staining was done in blocking buffer using anti-mouse CD11c-A594 

(clone N418, BioLegend), anti-mouse influenza A nucleoprotein-FITC (clone 431, Abcam), rabbit 

anti-fluorescein-A488 (Life Technologies), and DAPI. Coverslips were applied using ProLong 

Gold antifade reagent and samples were imaged the following day using a Zeiss Axio Observer 

Z1 immunofluorescence microscope with an Axiocam 506 monochromatic camera. Image 

processing was performed with Zen 2 software.   
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Statistical analysis 

Cell counts were determined either manually using a hemocytometer or with a LUNA-II automatic 

cell counter (Logos Biosystems). Statistical analyses were performed using the GraphPad Prism 

Software.  
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Results 

CD8+ lung TRM from influenza infected and AdNP immunized mice are transcriptionally 

indistinct 

 To determine whether persistent antigen in AdNP immunized mice has any potential cell-

intrinsic effects on the genetic program of lung TRM that result in their enhanced longevity, we 

performed RNA-sequencing to compare the transcriptional profiles of influenza NP-specific lung 

TRM (CD8+ i.v. antibody- NP+ CD69+ CD103+) and splenic TEM (CD8+ CD62L- NP+) from mice 

either infected with x31 influenza or immunized with AdNP at 1-month (35 days post-infection 

(d.p.i.), x31 and AdNP) and 1-year (365 d.p.i., AdNP only) time points (Fig. 1A, B). Principal 

component analysis (PCA) revealed that TEM and lung TRM cluster separately, as expected, at both 

1-month (Fig. 1C) and 1-year (Fig. 1D) post-infection regardless of whether mice were given 

influenza or AdNP. Interestingly, we identified very few genes that were differentially expressed 

(DEGs) between lung TRM from AdNP immunized and x31 infected mice at 1-month, suggesting 

that there is no significant transcriptional difference between lung TRM formed following influenza 

infection or AdNP immunization (Fig. 1E). In contrast, we identified several DEGs between lung 

TRM on days 35 and 365 post-immunization with AdNP (Fig. 1F). Notably, lung TRM from AdNP 

immunized mice had similar expression of genes from a known core TRM transcriptional program, 

including Itgae, Cdh1, Klf2, and S1pr1, confirming that these cells are bona fide TRM at both 

timepoints post-immunization 4, 48 (Fig. 1G). However, the DEGs observed at 365 days post-

immunization were enriched for TGF-β signaling (including Slc20a1, Smad3, and Cdh1) (Fig. 

1G). Nevertheless, overall, we did not identify any transcriptional differences that would suggest 

the persistence of CD8+ lung TRM in AdNP-immunized mice is due to a distinct genetic program 

that confers increased durability.  
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Figure 1. Immunization with AdNP generates CD8+ TRM that are transcriptionally alike 

those generated during a primary infection with influenza. (A) Experimental design. (B) 

Example gating strategy to sort for influenza NP (FluNP366-374)-specific splenic TEM and CD69+ 

CD103+ lung TRM from mice either infected with x31 influenza or immunized with AdNP. Final 
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sorted populations are highlighted in red. For x31, n = 10-20 mice per sort, 2 independent sorts. 

For AdNP, n = 10 mice per sort, 2 independent sorts per timepoint. (C) Principal component 

analysis (PCA) plot of 2250 differentially expressed genes (DEGs) identified in influenza-infected 

and AdNP-immunized mice on day 35 post-infection. (D)  PCA of 3234 genes identified on day 

35 and 365 post-immunization with AdNP. (E) Volcano plot illustrating DEGs identified when 

comparing CD69+ CD103+ lung TRM from AdNP-immunized mice to those from x31 influenza-

infected mice on day 35 post-infection. (F) Volcano plot illustrating DEGs between CD69+ 

CD103+ lung TRM from AdNP-immunized mice on days 35 and 365 post-immunization. (G) 

Heatmaps of selected genes from FluNP-specific splenic TEM and CD69+ CD103+ lung TRM from 

AdNP-immunized mice related to TGF-ß signaling and a core TRM signature.  

 

 

CD4+ T cells are important for the maintenance of CD8+ lung TRM following immunization 

with AdNP 

 CD4+ T cells are important for proper maintenance and recall of influenza-specific CD8+ 

memory T cells in the lungs and airways 49, 50. Furthermore, IFN-𝛾 produced by CD4+ T cells is 

critical for formation of protective CD103+ CD8+ TRM in the lung following infection with 

influenza virus 51. To investigate whether CD4+ T cell-dependent signals are required for long-

term maintenance of CD8+ TRM in AdNP immunized mice, we treated mice with anti-CD4 

depleting antibody starting 30 days post-immunization (Fig. 2A). After administering depleting 

antibody for a total of 1 month, we confirmed depletion of CD4+ T cells in all tissues (data not 

shown) and evaluated the number of influenza NP-specific CD8+ TRM (Fig. 2B). As expected, there 

was no change in the number of CD8+ splenic TEM upon depletion of CD4+ T cells. However, 
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within the lung and airways, depletion of CD4+ T cells resulted in a significant reduction in the 

number of NP-specific CD8+ TRM when compared to mice that received an isotype control 

antibody. Furthermore, the decrease in the overall number of CD8+ TRM in the lungs and airways 

correlated in both tissues with a reduction in CD69+ CD103+ NP-specific CD8+ TRM (Fig. 2C, D). 

These results show that help from CD4+ T cells plays an important role in the long-term 

maintenance of CD8+ TRM in the lungs and airways of mice immunized with AdNP.  

 

 

 

Figure 2. CD4+ T cells are important for the maintenance of CD8+ TRM following 

immunization with AdNP. (A) Experimental design. (B) Number of FluNP-specific CD8+ TRM 

in the spleen, lung, and bronchoalveolar lavage (BAL) following depletion of CD4+ T cells. For 

isotype control, n = 9 mice total, 2 independent experiments. For anti-CD4, n = 10 mice total, 2 

independent experiments. (C) Example staining for CD69 and CD103 subsets amongst FluNP-
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specific CD8+ TRM in the lung and BAL. (D) Number of CD69+ CD103+ FluNP-specific CD8+ TRM 

in the lung and BAL following depletion of CD4+ T cells. n = 4-5 mice per group, 2 independent 

experiments. Significance was determined using a Mann-Whitney test. Data represent mean ± 

SEM. P values are as follows: * = p<0.05, ** = p<0.01, *** = p<0.001, ns= not significant.  

 

Alveolar macrophages harbor persistent influenza NP antigen in AdNP immunized mice 

 Although it has been established that influenza NP antigen is still present in mice 

immunized with AdNP for at least several months following immunization, the cellular source of 

this persistent antigen reservoir has not yet been identified 43. To investigate this, we used a 

replication-deficient adenovirus that expresses Cre recombinase protein (Ad-Cre) to immunize 

Ai14 (tdTomato) reporter mice, in which cells express the reporter protein tdTomato following 

Cre-mediated recombination. Within the lung, tdTomato fluorescence was predominantly 

observed in alveolar macrophages up to at least a year post-immunization with Ad-Cre (Fig. 3A, 

B). Minimal, if any, fluorescence was observed in dendritic cells (Fig. 3B). Even as early as day 

4 post-immunization with Ad-Cre, tdTomato fluorescence was mostly limited to alveolar 

macrophages and was not detected in any other cell type, including fibroblasts, epithelial cells, and 

monocytes (Fig. S1). In addition, the frequency of tdTomato+ alveolar macrophages was varied at 

all timepoints examined (Fig. 3C). To confirm this finding, we obtained a cytospin of BAL 

samples from naïve and AdNP-immunized mice (90 d.p.i.). Immunofluorescent staining revealed 

co-localization of CD11c and influenza nucleoprotein at memory following immunization with 

AdNP (Fig. 3D). Combined, these experiments identify alveolar macrophages as the cellular 

source of persistent influenza NP antigen following intranasal immunization with recombinant 

adenovirus.  
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Figure 3. Alveolar macrophages are the cell source of persistent influenza NP antigen in 

AdNP-immunized mice. (A) Example gating strategy for alveolar macrophages and dendritic 

cells in the lung of Ai14 reporter mice immunized with Ad-Cre. (B) Expression of tdTomato by 

alveolar macrophages (top row) and dendritic cells (bottom row) from mice immunized with either 

PBS (naïve) or Ad-Cre at indicated timepoints. (C) Frequency of tdTomato+ alveolar macrophages 

at indicated timepoints. n = 3-5 mice per timepoint, 2 experiments per timepoint. (D) H&E staining 
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and immunofluorescence microscopy of BAL samples from mice that were naïve (top row) or 90 

days post-immunization with AdNP (bottom row) showing CD11c (red), influenza nucleoprotein 

(FluNP, green), and DAPI (blue). Original images were taken at 100X magnification.  
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Figure S1. Immunization with Ad-Cre does not result in tdTomato expression in other cell 

types. (A) Example gating strategy for all cell types analyzed in the lungs of Ai14 reporter mice 

following immunization with Ad-Cre. (B) Example staining for tdTomato in indicated cell types 

on days 4 and 90 post-immunization with Ad-Cre. n = 3-5 mice per timepoint, 2 experiments per 

timepoint. 

 

 

Depletion of alveolar macrophages impairs the longevity of CD8+ TRM in the airways 

 Alveolar macrophages are among the first responders to influenza infection, and their 

depletion has been shown to result in increased morbidity and mortality during infection 52, 53.  

Given our data shows that alveolar macrophages are a source of prolonged influenza NP antigen 

following intranasal immunization with AdNP, we hypothesized that depletion of this population 

would result in decreased maintenance of NP-specific CD8+ TRM over time. We therefore depleted 

alveolar macrophages by administering liposomal clodronate at 1-month post-immunization with 

AdNP (Fig. 4A). Treatment resulted in a significant reduction of alveolar macrophages in both 

lung and airways, when compared to injection of empty liposomes or mock treatment (Fig. S2). 

Although depletion of alveolar macrophages had no effect on the number of influenza NP-specific 

CD8+ TRM in the lung, we did observe a significant decrease in the number of TRM within the 

airways, including CD69- CD103-, CD69+ CD103-, and CD69+ CD103+ NP-specific CD8+ TRM 

(Fig. 4B, C). These data further support the observations that alveolar macrophages provide a 

source of persistent influenza NP antigen in animals following immunization with recombinant 

adenovirus.  
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Figure 4. Depletion of alveolar macrophages results in reduced longevity of influenza NP-

specific CD8+ TRM. (A) Experimental design. (B) Number of influenza NP-specific CD8+ TRM in 

the spleen, lung, and BAL in mice immunized with AdNP and then intra-tracheally administered 

empty liposomes or liposomes containing clodronate. (C) Example staining of influenza NP-

specific CD8+ TRM based on expression of CD69 and CD103 from the BAL of mice immunized 

with AdNP and then treated with empty or clodronate liposomes. (D) Number of CD69- CD103-, 

CD69+ CD103-, and CD69+ CD103+ influenza NP-specific CD8+ TRM in the BAL. n = 3-8 mice 

per group, 3 independent experiments. Significance was determined using a Mann-Whitney test. 

Data represent mean ± SEM. P values are as follows: * = p<0.05, ** = p<0.01, *** = p<0.001, 

ns= not significant.  
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Figure S2. Liposomal clodronate successfully depletes alveolar macrophages in the lung and 

airways. (A) Example staining for live CD45+ CD11c+ Siglec-F+ alveolar macrophages in the lung 

and BAL of AdNP-immunized mice 48 hours post-intra-tracheal administration of empty or 

clodronate liposomes. (B) Frequency (top row) and number of alveolar macrophages in the lung 

and BAL 48 hours after treatment with liposomes. n= 3-5 mice per group, 1 experiment. 

Significance was determined using a Mann-Whitney test. Data represent mean ± SEM. P values 

are as follows: * = p<0.05, ** = p<0.01, *** = p<0.001, ns= not significant. 

 

 

Subsequent respiratory infections impact the longevity of CD8+ TRM  

Given our identification of alveolar macrophages as an antigen source following intranasal 

immunization with AdNP, we next investigated the impact of subsequent, antigenically distinct, 

respiratory infections known to deplete alveolar macrophages on the maintenance of pre-existing 

NP-specific CD8+ TRM. To do so, we first infected AdNP immunized mice with Sendai virus, a 

murine parainfluenza virus, and then subsequently infected them with an x31 influenza strain that 

does not present NP antigen on MHC class I (x31 NP-) and would therefore not boost the pre-



 93 

existing influenza NP-specific TRM population 54 (Fig. 5A). We then examined the impact of these 

infections on the number of NP-specific CD8+ TRM generated during the initial AdNP 

immunization. Following initial infection of AdNP immunized mice with Sendai virus, we 

observed no significant effect on the number of NP-specific CD8+ TRM (Fig. 5B, D). However, the 

number of NP-specific CD8+ TRM was significantly reduced in the lungs and airways following 

the second unrelated infection with x31 NP- influenza when compared to mock infection (Fig. 5C). 

Unsurprisingly, subsequent infection with x31 NP- had no effect on the number of NP-specific 

memory CD8+ T cells in the spleen (Fig. 5C). Following both Sendai virus and x31 NP- infections, 

the number of CD69+ CD103+ NP-specific CD8+ TRM also declined in both the lung and airways 

(Fig. 5E). Lastly, infecting Ad-Cre-immunized reporter mice with Sendai virus and x31 NP- also 

resulted in an overall decline in the percentage of tdTomato+ alveolar macrophages when 

compared to animals that were mock infected (Fig. 5F). These findings underscore the importance 

of alveolar macrophages for the long-term maintenance of NP-specific CD8+ TRM generated 

following intranasal immunization with AdNP.  
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Figure 5. Subsequent respiratory viral infections impact the maintenance of influenza NP-

specific CD8+ TRM in AdNP-immunized mice. (A) Experimental design. (B) Number of 

influenza NP-specific CD8+ TRM in the spleen, lung, and BAL of AdNP-immunized mice 

subsequently infected with Sendai parainfluenza or mock infected with PBS. n = 5 mice per group, 

2 independent experiments. (C) Number of influenza NP-specific CD8+ TRM in the spleen, lung, 

and BAL of AdNP-immunized mice subsequently infected with Sendai parainfluenza followed by 

x31 NP- influenza. n = 5-8 mice per group, 2 independent experiments. (D) Number of CD69+ 

CD103+ influenza NP-specific CD8+ TRM in the lung and BAL following Sendai parainfluenza 

infection of AdNP-immunized mice. (E) Number of CD69+ CD103+ influenza NP-specific CD8+ 

TRM in the lung and BAL following infection of AdNP-immunized mice with both Sendai 

parainfluenza and x31 NP- influenza. (F) Frequency of tdTomato+ alveolar macrophages in Ai14 

reporter mice immunized with Ad-Cre and then either mock infected (PBS) or infected with Sendai 

parainfluenza and x31 NP- influenza as described in part A. n = 8-14 mice per group, 2 independent 

experiments. Significance was determined using a Mann-Whitney test. Data represent mean ± 

SEM. P values are as follows: * = p<0.05, ** = p<0.01, *** = p<0.001, ns= not significant.  
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Discussion 

Establishment of a robust memory T cell response is critical to the success of T-cell based 

vaccines. However, in the case of respiratory infections, the steady decline of lung resident CD8+ 

TRM over time presents a concern in generating long-term immunity. Although the mechanism 

behind this decline is not entirely understood, a recent study has shown that the harsh environment 

of the lung and airways leads to a high rate of apoptosis amongst CD8+ TRM 55. However, when 

mice are immunized with a replication-deficient adenovirus 5 vector that expresses the influenza 

nucleoprotein (AdNP) using a combination of intranasal and systemic routes, the number of 

pulmonary CD8+ TRM is maintained long-term 31. These CD8+ lung TRM are protective for up to at 

least a year post-immunization and are replenished by circulating TEM being recruited in to the 

TRM pool after encountering antigen locally within the lung tissue 43. In this present study, we 

demonstrate that CD8+ lung TRM generated following immunization with AdNP or infection with 

influenza virus have similar transcriptional profiles, indicating that immunization with AdNP does 

not result in cell-intrinsic differences responsible for the improved longevity of CD8+ lung TRM. 

In addition, we find further support for the model of TEM recruitment to the lungs following 

immunization with AdNP when we deplete CD4+ T cells post-immunization and observe a 

significant decrease in the number of CD8+ TRM in the lungs and airways. A prior study showed 

that CD4+ T cells are required for generation of CD103+ CD8+ lung TRM and promote their 

migration to the airways via an interferon-g-dependent mechanism 51. CD4+ T cell help was also 

found to be associated with lower expression of the transcription factor T-bet, thereby allowing 

for TGF-b mediated induction of CD103 51. We hypothesize a similar mechanism is occurring in 

our model. Lastly, lineage tracing using an adenovirus vector expressing Cre recombinase 

identified alveolar macrophages as a primary cell source of antigen in the respiratory tract. We 
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were able to confirm this finding by observing colocalization of CD11c and influenza 

nucleoprotein in airway cells isolated from mice immunized with AdNP. Combined with prior 

findings, our data support a model in which an antigen reservoir maintained in long-lived alveolar 

macrophages helps promote differentiation of CD8+ lung TRM from the circulating effector 

memory T cell pool.  

It has been well established that anatomic location directly impacts the development and 

maintenance of TRM 56. Since generation of CD8+ TRM in the lung is largely dependent on 

recognition of local cognate antigen, establishing a reliable antigen depot within the tissue can be 

critical to the success of immunization against respiratory pathogens. Interestingly, a recent report 

showed fibroblastic stromal cells in the lung can also serve as long-lived antigen depots following 

intravenous administration of an Ad5-based vector and support inflationary memory CD8+ T cells 

in an IL-33-dependent manner 42. Although this seemingly contrasts our finding, we believe both 

studies emphasize the importance of the route of immunization in defining unique mechanisms 

and cell types that can support the maintenance of lung TRM by acting as antigen depots. For 

example, alveolar macrophages may be shielded from infection by blood-borne vectors, whereas 

intranasal delivery of the vectors does not allow for efficient infection of cells within the lung 

parenchyma, such as fibroblastic stromal cells. In addition to lung FSCs, IL-33 is produced by 

activated macrophages in both humans and mice and has been shown to influence CD8+ TRM 

formation by downregulating expression of KLF2 and inducing expression of CD69 and CD103 

57-60. It is therefore conceivable that IL-33 could also be playing a role in our system. Importantly, 

intramuscular injection remains the most popular route of vaccination and is currently in use for 

the mRNA- and Ad-vector-based SARS-CoV-2 vaccines, but it can induce suboptimal mucosal 

immune responses 61. Alternatively, intranasal administration is widely accepted as the ideal route 
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for targeting the respiratory tract since it most accurately mimics the natural route of infection. 

However, prior work showed that combined intranasal and subcutaneous injections of AdNP were 

superior compared to intranasal immunization alone in establishing a long-lived CD8+ lung TRM 

population, suggesting that local antigen supply on its own is not sufficient for maximal T cell 

responses 31.  

As some of the first immune cells to encounter pathogens within the airways, alveolar 

macrophages have long been appreciated as important players in respiratory immunity, with their 

depletion resulting in increased viral load, pulmonary damage, and mortality following infection 

with influenza virus 52, 53, 62, 63. They have also been shown to be important for the establishment 

and reactivation of memory CD8+ T cells in the lung 21, 64, 65. One likely reason why intranasal 

immunization with AdNP results in prolonged maintenance of the CD8+ lung TRM pool is the 

longevity of alveolar macrophages 66, 67. In both humans and mice, macrophage populations are 

maintained for several months to years following formation 68-71. However, following infection 

with influenza virus, alveolar macrophages undergo high levels of cell death 72, 73. In contrast, 

replication-deficient adenovirus vectors are capable of transducing macrophages without causing 

their elimination 74-80. Indeed, we show here that Ad-Cre transduced alveolar macrophages persist 

in the lung at varying frequencies for up to a year post-immunization. Furthermore, loss of alveolar 

macrophages through depletion using liposomal clodronate resulted in a significant decline in the 

number of CD8+ TRM in the airways, despite no significant change in the number of CD8+ TRM 

within the lung tissue. We hypothesize that this is likely due to alveolar macrophages residing 

predominantly within the airway spaces. Another possibility is that a small frequency of interstitial 

macrophages harbors persistent antigen and support maintenance of CD8+ TRM within the lung 

interstitium, however, we are not able to distinguish this using our system. Lastly, it is also 
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important to note that although the use of liposomal clodronate is widely considered the standard 

method of depleting alveolar macrophages, its effects are not exclusive to this population and is 

known to target dendritic cells as well. Although we cannot ensure that dendritic cells were not 

impacted during our depletion experiments, our Ad-Cre data clearly demonstrates that dendritic 

cells are transduced by Ad-Cre at very low frequency and do not persist over time.  

Recombinant adenovirus vectors (rAd) display broad tissue tropism and have been shown 

to transduce a variety of immune and non-immune cell types both in vitro and in vivo. Although 

murine macrophages do not express the classical Coxsackie and adenovirus receptor (CAR), rAd 

vectors including human Ad5 and Ad26, two vectors currently being developed as vaccines for 

SARS-CoV-2, have been shown to transduce macrophages using scavenging receptors 38, 81-85. 

Less is known about the entry methods utilized by non-human rAd vectors; nevertheless, given 

the ease of altering rAd vectors, targeting adenovirus vectors to specific tissues and cell types is 

possible and an important consideration for future vaccine design 86. However, given the sensitive 

nature of the lung tissue, careful consideration must also be taken when designing any 

immunization strategy that creates a persistent antigen source. Firstly, although i.n. + s.c. 

immunization with AdNP results in prolonged protection against challenge with influenza virus, 

we show here that subsequent unrelated infection(s) also result in a decline in the number of NP-

specific CD8+ TRM. This presents a potential limitation to targeting antigen to alveolar 

macrophages, since recurrent respiratory infections from diverse pathogens are likely to deplete 

the reservoir. In addition, the possibility of prolonged inflammation and immunopathology that 

accompany persistent antigen must be more thoroughly evaluated.  

In summary, our results identify alveolar macrophages as a persistent cellular source of 

antigen following intranasal immunization with a recombinant Ad5-based vector that expresses 
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influenza nucleoprotein. Transduced alveolar macrophages are maintained for at least a year post-

immunization and are essential for continual replenishment of the CD8+ TRM pool. Furthermore, 

we show that persistent antigen does not induce T cell-intrinsic changes that account for the 

longevity of CD8+ TRM. These results further define mechanisms that promote CD8+ lung TRM 

generation and maintenance and have important implications for the design of T-cell based 

vaccines against respiratory pathogens.  
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Abstract 

Live attenuated influenza vaccine (LAIV) elicits both humoral and cellular immune memory in 

children, but its efficacy is limited in adults. One potential advantage of LAIV is the ability to 

establish virus-specific tissue-resident memory T cells (TRM) in the respiratory mucosa; however, 

it is hypothesized that pre-existing immunity from past infections and/or immunizations prevents 

LAIV from boosting or generating de novo CD8+ T cell responses. To determine if we can 

overcome this limitation, we generated a series of drifted influenza A/PR8 LAIVs with successive 

mutations in the hemagglutinin (HA) protein, allowing for increasing levels of escape from pre-

existing antibody. We also inserted a CD8+ T cell epitope from the Sendai virus nucleoprotein 

(SeV NP) to assess both generation of a de novo T cell response and boosting of pre-existing 

influenza-specific CD8+ T cells following LAIV immunization. While increasing escape from 

antibody increased boosting of pre-existing TRM, we were unable to identify de novo SeV NP+ 

CD8+ TRM following LAIV immunization in PR8 influenza-immune mice, even with LAIV strains 

that can fully escape pre-existing antibody. As these data suggested a role for cell-mediated 

immunity in limiting LAIV efficacy, we investigated several scenarios to assess the impact of pre-

existing LAIV-specific TRM in the upper and lower respiratory tract. Ultimately, we found that 

deletion of the immunodominant influenza NP366-374 epitope was sufficient to escape pre-existing 

CD8+ TRM and to establish de novo CD8+ TRM. Combined, these studies demonstrate that both pre-

existing humoral and cellular immunity can limit the effectiveness of LAIV, which is an important 

consideration for future design of vaccine vectors against respiratory pathogens.  
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Introduction 

  Despite the availability of a yearly vaccine, achieving effective protection against 

influenza infection remains a challenge. Current vaccination methods primarily focus on 

generating a strong antibody response against the viral surface proteins hemagglutinin (HA) and 

neuraminidase (NA). However, these proteins vary between influenza strains and are prone to 

mutation. For that reason, vaccine strategies that also generate a CD8+ T cell response, which is 

directed against epitopes within internal viral proteins such as nucleoprotein (NP) and matrix 

protein and are conserved across influenza strains, are likely to improve efficacy 1-4. Following 

clearance of influenza infection, tissue-resident memory CD8+ T cells (TRM) do not re-enter blood 

circulation and instead remain situated along the respiratory tract where they act as sentinels by 

rapidly responding to virus re-encounter. Although they alone cannot prevent infection with 

influenza virus, CD8+ TRM are important for limiting early viral replication and immunopathology 

and have been shown to play a vital role in mediating protection against a variety of respiratory 

pathogens in addition to influenza, such as RSV and SARS-CoV-2 5-9. Given their demonstrated 

importance in the cell-mediated response to influenza infection, CD8+ TRM are prime targets (in 

addition to antibody) for designing vaccines that offer broad protection against a variety of 

influenza strains.  

One influenza vaccine platform that can elicit both antibody and CD8+ T cell responses, 

including protective CD8+ TRM, is the live attenuated influenza vaccine or LAIV 10, 11. LAIV is 

administered as a nasal spray, thus mimicking a natural infection. However, due to its attenuation, 

it does not replicate effectively in the lower respiratory tract and generates only mild clinical 

symptoms 12. Unfortunately, despite its promising ability to engage both arms of the immune 

system, LAIV has historically performed poorly in adults and has not been recommended for use 
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in recent years. Interestingly, LAIV did show marked efficacy in children when compared to adults 

13-16. It is hypothesized that this is due to pre-existing influenza immunity in individuals resulting 

from either prior infection and/or immunization. The implication that pre-existing immunity can 

impact the ability of a vaccine to “take” in individuals is an important consideration for future 

design of vaccine regimens, especially against respiratory viral infections.  However, the relative 

contributions of pre-existing humoral and cellular immunity in limiting vaccine efficacy, 

specifically the resulting virus-specific T cell response, have not been thoroughly investigated.  

 In the present study, we use LAIV to investigate the impact of pre-existing humoral and 

cellular immunity on the dynamics of established and de novo CD8+ TRM in the respiratory tract. 

We find that vaccine escape from anti-HA antibodies on its own is not sufficient to generate a de 

novo antigen specific CD8+ lung TRM population in mice that have immunity from a prior influenza 

infection. However, we do find that LAIV immunization successfully boosts pre-existing influenza 

specific CD8+ lung TRM, with efficacy increasing as escape from anti-HA antibodies is achieved. 

Interestingly, LAIV immunization of mice with fewer pre-existing CD8+ lung TRM also failed to 

generate a de novo CD8+ TRM population, possibly demonstrating the important role for virus 

specific CD8+ TRM within the nasal cavity. Lastly, we show that pre-existing TRM specific for a 

single immunodominant CD8+ T cell epitope in LAIV is sufficient to prevent generation of de 

novo CD8+ TRM in the respiratory tract following immunization. Combined, these results show that 

although intranasal immunization with LAIV can boost already existing CD8+ lung TRM, its ability 

to generate a novel antigen specific CD8+ lung TRM population is hindered by these same pre-

formed CD8+ memory T cells. These finding support a previously unrecognized role for T cell-

mediated immunity in limiting LAIV efficacy and are important considerations for future design 

of vaccines against respiratory viral pathogens.  
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Materials & Methods 
Mice 

C57BL/6J mice (male and female) were bred in-house or purchased from Jackson Laboratory. All 

animals were housed at Emory University under specific pathogen-free conditions. Mice were 

between 8-12 weeks of age at time of infection, after which they were housed in specific animal 

biosafety level 2 conditions. All experiments were conducted in accordance with the Institutional 

Animal Care and Use Committee (IACUC) guidelines of Emory University.  

 

Generation of live attenuated influenza virus 

Influenza A viruses used in this study were derived from influenza A/Puerto Rico/8/34 (H1N1) 

virus (PR8). The wildtype genome sequence of this virus is available in GenBank with accession 

numbers (AF389115-AF389122). The following amino acid changes were introduced into this 

PR8 background to confer a live attenuated, cold-adapted phenotype: PB2 N265S, PB1 K391E, 

PB1 E581G, PB1 A661T and PB1 L319Q. The use of this genotype was based on published reports 

establishing the attenuating nature of the mutations in a murine model17, 18. This strain is referred 

to herein as PR8 LAIV.  

We further modified PR8 LAIV to introduce a foreign epitope from Sendai virus. Using 

commercial gene synthesis, the nucleotide sequence of the SeV nucleoprotein peptide 

FAPGNYPAL (5’ ttcgcacctggaaattaccctgcacta 3’) was inserted into the PR8 influenza A virus 

neuraminidase (NA) gene at the site corresponding to position 43-44 of the NA stalk domain. The 

modified NA gene was then cloned into the pDP reverse genetics vector19 and combined with 

plasmids encoding the remaining seven gene segments of PR8 LAIV for reverse genetics-based 

recovery of PR8 LAIV SeV NP virus (referred to as LAIV-SeV NP in the main text).  
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A further set of virus variants was produced in the PR8 LAIV background, carrying the SeV NP 

epitope in NA and mutations in the viral hemagglutinin (HA) protein that disrupt known antibody 

epitopes. The antigenic changes introduced into HA are summarized in Table 1 and described by 

Das et al. 20. pDZ21 reverse genetics plasmids encoding svHA-3, svHA-6, svHA-10 and svHA-12 

HA gene segments were kind gifts of Jonathan Yewdell and Christopher Brooke. Finally, an 

additional amino acid change, N370Q, was introduced into the PR8 LAIV SeV NP svHA-12 virus 

to disrupt the native T cell epitope present in the NP protein of PR8 (svHA-12 N370Q).  

 

Table 1. Amino acid changes introduced into the PR8 HA sequential variant (sv) viruses 

 

Viruses were generated by reverse genetics as previously described22, 23. In brief, 293T 

cells were transfected with reverse-genetics plasmids and then, after a 16–24 h incubation at 37°C, 

collected and injected into the allantoic cavity of 10-11 day old embryonated chicken’s eggs. Eggs 

were incubated at 33°C for 40–48 h and then chilled overnight prior to harvesting of allantoic fluid. 

Clarified allantoic fluid was aliquoted and stored at -80°C and virus therein was titrated by plaque 

Sequential 

Variant 

Changes in HA, relative to PR8 wild type 

svHA-WT none 

svHA-3 G159S, N129D, R78G 

svHA-6 G159S, N129D, R78G, R224K, S145N, K163E 

svHA-10 G159S, N129D, R78G, R224K, S145N, K163E, E156K, E119K, G173R 

svHA-12 G159S, N129D, R78G, R224K, S145N, K163E, E156K, E119K, G173R, 

E70G, R48K, D225G 
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assay on MDCK cells. The presence of introduced mutations was confirmed by Sanger sequencing 

of viral cDNA corresponding to the modified genome segments or by viral whole genome 

sequencing on an Illumina myseq platform. 

 

Infections 

Prior to all infections, mice were anesthetized using isoflurane (Patterson Veterinary). For primary 

A/Puerto Rico/8/34 (PR8) influenza infections, mice were infected either intranasally (i.n.) with 

20 plaque forming units (PFU) in 30uL volume or via intraperitoneal (i.p.) injection with 106 PFU 

in 200uL volume. For adenovirus infections, mice were inoculated via both i.n. and footpad (s.c.) 

injections with 2x107 PFU of a replication-deficient adenovirus serotype 5 expressing influenza 

(A/Puerto Rico/8/34) nucleoprotein (AdNP) (described previously 24, 25). For LAIV 

immunizations, mice were given 20,000 -500,000 PFU i.n. in 30uL volume.  For protection studies, 

mice were challenged with either 300,000 EID50 (50% egg infectious dose) x31 H3N2 influenza 

virus or 3,000 EID50 Sendai parainfluenza virus i.n. in 30uL volume. For EdU incorporation 

experiments, mice were dosed i.p. with 1mg of 5-ethynyl-2’-deoxyuridine (EdU, Cayman 

Chemical) in 200uL volume of sterile 1X PBS.  

 

Single cell isolation  

To distinguish tissue-resident cells from those in circulation, mice were intravenously (i.v.) labeled 

via tail vein injection of fluorescent anti-CD3e (1.5 ug) or anti-CD45.2 antibody (4 ug) in 200uL 

1X PBS. Mice were euthanized 5 minutes later by intraperitoneal (i.p.) injection with Avertin 

(2,2,2-tribromoethanol) followed by brachial exsanguination. Spleen, lungs, bronchoalveolar 

lavage (BAL), and nasal cavity (NC) were then harvested. Lungs were enzymatically digested in 
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Collagenase D (5g/L, Roche) and DNase (2x106 U/L, Sigma) for 30 minutes at 37C, with 

occasional mechanical dissociation. To enrich for lymphocytes, lung samples were centrifuged in 

a 40%/80% Percoll gradient. Nasal cavities were digested in a mixture of Collagenase D (5g/L), 

DNase (2x106 U/L), and Dispase (15U/mL, Sigma) at 37C with mechanical dissociation for a total 

of 30 minutes. Nasal cavities were then passed through a 70um filter prior to centrifugation. 

Spleens were mechanically dissociated and then RBC lysed.  

 

Cell staining and flow cytometry 

Single cell suspensions were first FC blocked using murine 2.4G2 antibody. Samples were then 

stained for 1 hour at room temperature with tetramers against influenza NP366-374Db, PA224-233Db, 

and Sendai parainfluenza NP324-332Kb (provided by the National Institutes of Health (NIH) 

Tetramer Core Facility at Emory University). Extracellular staining was then performed for 30 

minutes. Cell viability was determined using Zombie fixable viability dye (BioLegend). For 

experiments utilizing EdU, samples were additionally stained using the Click-iT Plus EdU Flow 

Cytometry kit (Invitrogen) per the kit’s standard protocol. All samples were run on either a 

Fortessa X20 or a Symphony A3 (BD Biosciences) flow cytometer. FluNP366+ or Sendai NP+ CD8+ 

TRM were gated as: singlets, lymphocytes, live cells, CD4-CD8a+, i.v. label-, CD44hi, tetramer+. 

TRM were additionally gated on CD69 and CD103. For splenic TEM, the i.v. label gate was omitted 

and all live CD4-CD8a+ T cells were gated for CD44hi tetramer+. Flow cytometry data were 

analyzed using FlowJo v.10 software. For experiments evaluating LAIV immunization of PR8-

immune or AdNP-immunized mice, a limit of detection was set at £ 10 cells within the final SeV 

NP+ gate.  
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Plaque assays 

Following x31 influenza or Sendai parainfluenza challenge of LAIV-immunized mice, lung viral 

titers were determined as previously described 26.  

 

Statistical analysis 

Cell counts were determined either manually using a hemocytometer or with a LUNA-II automatic 

cell counter (Logos Biosystems). Statistical analyses were performed using the GraphPad Prism 

Software.  
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Results 

Live attenuated influenza vaccine elicits protective antigen specific CD8+ lung TRM 

 We first generated an LAIV strain by modifying wildtype (WT) A/PR8 (H1N1) influenza 

to contain a set of known attenuating point mutations within the polymerase proteins PB1 and PB2 

17, 27.  To identify de novo CD8+ memory T cells following immunization, we further modified our 

LAIV to include the immunodominant epitope from the Sendai parainfluenza nucleoprotein (SeV 

NP), resulting in our final LAIV-SeV NP strain. We confirmed successful attenuation and 

generation of epitope-specific CD8+ splenic effector memory T cells (TEM) and lung and airway 

CD8+ TRM following intranasal LAIV-SeV NP immunization in vivo (Fig. 1A-C). Importantly, 

CD69+ CD103+ SeV NP+ CD8+ TRM were present in the lungs and airways for up to at least 90 

days post-immunization with LAIV-SeV NP (Fig. 1D-F).  

To determine whether immunization with LAIV-SeV NP confers protection against 

heterosubtypic influenza challenge, we first immunized animals with 1X PBS, WT PR8 (H1N1), 

or LAIV-SeV NP and then challenged them with x31 (H3N2) influenza (Fig. 1G). Compared to 

mock immunized mice, mice that were infected with WT PR8 or immunized with LAIV-SeV NP 

experienced minimal weight loss following x31 influenza challenge (Fig. 1H). Mice infected with 

WT PR8 or immunized with LAIV-SeV NP also had significantly lower lung viral titers by day 4 

post-challenge (4 d.p.c.) (when compared to mock immunized mice) and had cleared most virus 

from the lung tissue within 6 d.p.c. (Fig. 1I). Furthermore, we observed no significant difference 

in the protection conferred by infection with WT PR8 or immunization with LAIV-SeV NP (Fig. 

1H, I). To assess the protectiveness of SeV NP+ CD8+ memory T cells formed following 

immunization, we compared weight loss and lung viral titers following Sendai parainfluenza 

challenge between groups of mice immunized with either LAIV-SeV NP or a version of our LAIV 
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that lacks the SeV NP epitope (Fig. 1G). At 4 d.p.c., we observed no significant difference in 

morbidity or lung viral titers (Fig. 1J, K). However, mice that had been immunized with LAIV-

SeV NP did have significantly lower viral lung titers at 6 d.p.c. compared to those that were 

immunized with an LAIV that does not contain the SeV NP epitope (Fig. 1K). Combined, these 

results show that our LAIV-SeV NP is successfully attenuated and generates protective epitope-

specific CD8+ TRM in the lungs and airways following i.n. administration.  
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Figure 1. Live attenuated influenza vaccine elicits protective antigen specific CD8+ lung TRM. 

(A) Percent original weight following i.n. infection with WT PR8 or immunization with LAIV-

SeV NP. (B) Number of FluNP366+, FluPA+, or SeV NP+ CD8+ T cells in the spleen, lung, and 

BAL 30 d.p.i. with LAIV-SeV NP. (C) Example flow staining for epitope-specific lung TRM in 

mice 30 d.p.i. with LAIV-SeV NP. (D, E) Number of CD69- CD103- or CD69+ CD103+ SeV NP+ 
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CD8+ TRM in the lung (D) and BAL (E) on indicated d.p.i. with LAIV-SeV NP. (F) Example flow 

staining for CD69 and CD103 amongst SeV NP+ CD8+ TRM in lung and BAL. (G) Experimental 

design. (H) Percent original weight following challenge of mock infected (PBS), WT PR8-

infected, or LAIV-SeV NP immunized mice with x31 influenza. (I) Lung viral titers on days 4 and 

6 post-challenge (d.p.c.) with x31 influenza in mice initially mock infected or given WT PR8 or 

LAIV-SeV NP. (J) Percent original weight following challenge of mice immunized with LAIV 

+/- SeV NP with Sendai parainfluenza virus. (K) Lung viral titers in mice immunized with LAIV 

+/- SeV NP and then challenged with Sendai parainfluenza virus. p values are as follows: *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

 

Immunization with LAIV-SeV NP strains capable of escaping pre-formed antibody fails to 

generate a de novo antigen specific CD8+ TRM population in mice with pre-existing immunity 

 To assess the impact of pre-formed anti-HA antibody on the efficacy of LAIV-SeV NP 

immunization, we generated a series of five additional LAIV-SeV NP strains that incorporate 

previously identified HA mutations that allow for each strain to have increasing ability to escape 

polyclonal anti-PR8 HA antibodies 20 (Fig. 2A). We termed these new LAIV-SeV NP “switch 

variant” strains based on their original publication: svHA-WT, svHA-3, svHA-6, svHA-10, and 

svHA-12 20. Antigenically, svHA-WT is the same as LAIV-SeV NP and has an HA sequence 

identical to WT PR8 influenza, differing only by incorporation of the attenuating point mutations 

in PB1 and PB2, and the SeV NP epitope incorporated into the neuraminidase stalk.  In contrast, 

svHA-12 is the most antigenically distinct from WT PR8 and is fully capable of escaping anti-PR8 

HA antibodies (Fig. 2A). We first used this series of switch variants to immunize mice that had 
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been previously infected i.n. with WT PR8 influenza. As expected, svHA-WT immunization 

generated SeV NP+ CD8+ lung TRM in naïve animals but not in PR8-immune mice, with most 

samples in PR8-immune mice falling below the level of detection (Fig. 2B-D). Surprisingly, 

immunization of PR8-immune mice with svHA-12 also failed to generate de novo SeV NP+ CD8+ 

lung TRM (Fig. 2E-G). Both immunizations also failed to generate de novo CD8+ TRM in the 

airways (Fig. S1). In fact, none of our switch variant LAIV-SeV NP strains successfully generated 

SeV NP+ CD8+ TRM in the lungs or airways of mice that had pre-formed immunity to WT PR8 

(Fig. S2). All together, these results demonstrate that immunization with LAIV-SeV NP is 

incapable of generating a de novo CD8+ TRM population in mice with pre-existing immunity, even 

when the pre-formed humoral response is evaded.  
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Figure 2. Immunization with LAIV-SeV NP strains capable of escaping pre-formed antibody 

fails to generate a de novo antigen specific CD8+ TRM population in mice with pre-existing 

immunity. (A) Design of switch variant (sv) drifted LAIV-SeV NP strains that have either a WT 

HA sequence (svHA-WT) or a mutated HA sequence (svHA-3, svHA-6, svHA-10, svHA-12) with 

point mutations that allow for increasing escape from pre-existing anti-HA antibodies. (B) 

Example flow staining for SeV NP+ CD8+ TRM in the lung of naïve (left plot) or PR8-immune 

(right plot) mice subsequently immunized with LAIV svHA-WT. (C, D) Frequency (C) and 

number (D) of SeV NP+ CD8+ lung TRM 30 d.p.i. of naïve or PR8-immune mice with LAIV svHA-

WT.  (E-G) Same as B-D except with LAIV svHA-12 immunization. p values are as follows: *P 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Limit of detection (LOD) indicated with dotted 

line at 101.  
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Figure S1. LAIV immunization of PR8-immune mice fails to generate de novo CD8+ TRM in 

the airways. (A) Example staining for SeV NP+ CD8+ TRM in the BAL of naïve or PR8-immune 

(i.n. or i.p. administration) mice 30 d.p.i. with svHA-WT. (B, C) Frequency (B) and number (C) 

of SeV NP+ CD8+ BAL TRM in naïve or PR8-immune mice 30 d.p.i. with svHA-WT. (D-F) Same 

as A-C except with svHA-12. p values are as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P 

< 0.0001. 
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Figure S2. Drifted LAIV immunization of PR8-immune mice fails to generate de novo CD8+ 

TRM. (A) Example staining for SeV NP+ CD8+ TRM in the lung and BAL of naïve or PR8-immune 

mice 30 d.p.i. with svHA-3. (B) Frequency of SeV NP+ CD8+ TRM in the lung and BAL of naïve 

or PR8-immune mice 30 d.p.i. with svHA-3. (C-F) Same as A & B except with svHA-6 (C, D) 

and svHA-10 (E, F). Indicated significance is for comparison to naïve mice. p values are as 

follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  

 

 

Pre-existing CD8+ TRM in the respiratory tract undergo expansion upon immunization with 

LAIV-SeV NP 

 Following the discovery that LAIV-SeV NP immunization of PR8-immune mice fails to 

generate a novel antigen-specific CD8+ lung TRM response, we sought to determine whether the 

pre-existing FluNP366+ CD8+ memory T cells responded to immunization and whether this was 

influenced by escape from pre-existing antibody. To accomplish this, we examined incorporation 

of EdU by FluNP366+ CD8+ TRM in PR8-immune mice following mock immunization (PBS) or 

immunization with svHA-WT or svHA-12 (Fig. 3A). At 7 days post-immunization, EdU+ 

FluNP366+ CD8+ TRM were clearly identifiable in both the lung interstitium and airways (Fig. 3B). 

Within the lung, a significantly higher frequency and number of FluNP366+ CD8+ TRM incorporated 

EdU following immunization with either svHA-WT or svHA-12 when compared to samples from 

mock immunized mice (Fig. 3C, D). Importantly, significantly more FluNP366+ CD8+ lung TRM in 

mice immunized with svHA-12 incorporated EdU when compared to those from mice immunized 

with svHA-WT, indicating that the ability of LAIV-SeV NP immunization to induce T cell 

responses increases as anti-HA antibody is avoided (Fig. 3C, D). Furthermore, the overall 
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frequency and number of FluNP366+ CD8+ lung TRM increased upon immunization with svHA-12 

(Fig. 3E, F). Immunization with either svHA-WT or svHA-12 also resulted in increased numbers 

of FluNP366+ CD8+ TRM as well as incorporation of EdU by these cells within the airways (Fig. 

3G-J). These results confirm that although immunization of PR8-immune mice with LAIV-SeV 

NP fails to generate de novo CD8+ TRM within the respiratory tract, it does succeed in boosting 

pre-existing lung CD8+ TRM populations more effectively when it escapes the anti-HA response.  
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Figure 3. Pre-existing CD8+ TRM in the respiratory tract undergo expansion upon 

immunization with LAIV-SeV NP. (A) Experimental design. (B) Example EdU staining amongst 

FluNP366+ CD8+ TRM in the lung and BAL following immunization of PR8-immune mice with 

PBS, svHA-WT, or svHA-12. (C, D) Frequency (C) and number (D) of EdU+ FluNP366+ CD8+ 

lung TRM following svHA-WT or svHA-12 immunization. (E, F) Total frequency (E) and number 

(F) of FluNP366+ CD8+ lung TRM following svHA-WT or svHA-12 immunization. (G-J) Same as 

C-F but in BAL. p values are as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Route of prior infection does not alter the ability of LAIV to establish de novo CD8+ TRM 

 Given that our results suggest the cellular immune response on its own is enough to prevent 

LAIV-SeV NP immunization from generating a novel CD8+ TRM population, we repeated our 

immunization experiment, but infected mice with WT PR8 via i.p. injection rather than the i.n. 

route. Previous studies have shown that a non-pulmonary infection route results in significantly 

fewer CD8+ TRM in the lungs and airways 28, while generating similar numbers of circulating CD8+ 

TEM. However, neither svHA-WT nor svHA-12 immunization generated de novo SeV NP+ CD8+ 

TRM in the lung (Fig. 4A-F). The immunizations did, however, boost the pre-existing FluNP366+ 

CD8+ T cells in the lung (Fig. 4G-J). We also confirmed boosting of the pre-existing FluNP366+ 

CD8+ T cells in the airways, spleen, and nasal cavity (Fig. S3). Apart from the frequency of EdU+ 

FluNP366+ TRM in the lung, immunization with svHA-12 had significantly higher efficacy when 

compared to immunization with svHA-WT (Fig. 4G-J). Though this result was somewhat 

surprising, we hypothesize that it can be explained by the presence of CD8+ TRM within the nasal 

cavity, which is the primary site of LAIV replication. The fold change decrease of CD8+ TRM in 

the lungs and airways is much greater than that seen in the nasal cavity when comparing i.n. versus 

i.p. infection routes (Fig. 4K).  
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Figure 4. Route of prior infection does not alter the ability of LAIV to establish de novo CD8+ 

TRM. (A-C) Example staining (A), frequency (B) and number (C) of SeV NP+ CD8+ lung TRM 

following svHA-WT immunization (30 d.p.i.) of naïve mice or mice infected via i.p. injection with 

WT PR8. (D-F) Same as A-C but with svHA-12. (G, H) Frequency (G) and number (H) of EdU+ 

FluNP366+ CD8+ lung TRM following indicated immunization. (I, J) Total frequency (I) and number 
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(J) of FluNP366+ CD8+ lung TRM following indicated immunization. (K) Fold change in the number 

of FluNP366+ CD8+ T cells in indicated tissues when comparing PR8 infection via i.n. or i.p. route. 

p values are as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. LOD indicated with 

dotted line at 101.  

 

 

Figure S3. Pre-existing CD8+ TRM in other tissues undergo expansion upon LAIV 

immunization. Frequency and number of EdU+ FluNP366+ CD8+ T cells and total frequency and 

number of FluNP366+ CD8+ T cells in the BAL (A), nasal cavity (B), or spleen (C) of PR8-immune 
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mice (i.p. injection) 30 d.p.i. with svHA-WT or svHA-12. p values are as follows: *P < 0.05, **P 

< 0.01, ***P < 0.001, ****P < 0.0001.  

 

 

Pre-existing CD8+ TRM are sufficient to prevent the generation of de novo CD8+ TRM following 

LAIV immunization 

 To investigate whether evasion of the influenza-specific CD8+ T cell response enables 

formation of a novel CD8+ lung TRM population, we generated a new version of svHA-12 that 

includes a point mutation, N370Q, within the nucleoprotein sequence that prevents presentation of 

NP antigen on MHC class I 29 (Fig. 5A). Inclusion of this point mutation thereby eliminates the 

immunodominant NP366-374 CD8+ T cell epitope from our vaccination strain and allows the 

immunization to circumvent the pre-existing FluNP366-specific CD8+ T cell response. To test 

whether the presence of TRM specific for a single immunodominant CD8+ T cell epitope alone is 

sufficient to prevent LAIV immunization from generating a de novo T cell response, we first 

infected mice using a replication-deficient recombinant adenovirus vector that expresses PR8 NP 

(AdNP). These mice do not generate any antibodies against influenza HA and will only generate 

influenza-specific CD8+ memory T cells to the FluNP366 epitope. We then immunized these mice 

with either svHA-12 or svHA-12 N370Q (Fig. 5B) and looked one month later for SeV NP+ CD8+ 

TRM in the respiratory tract (Fig. 5C). Like our results in PR8-immune mice, immunization of 

AdNP-immune mice with svHA-12 did not generate SeV NP+ CD8+ TRM. However, we did 

observe a significantly higher frequency and number of SeV NP+ CD8+ TRM in the lung, BAL, and 

nasal cavity when AdNP-infected mice were immunized with svHA-12 N370Q (Fig. 5D, E). We 

also confirmed that these SeV NP+ CD8+ TRM expressed CD69 and CD103 (Fig. 5F). Combined, 
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these results demonstrate that CD8+ T cells specific for a single immunodominant epitope can 

prevent LAIV-SeV NP immunization from generating de novo antigen-specific CD8+ TRM.  

 

 

Figure 5. Pre-existing CD8+ TRM are sufficient to prevent the generation of de novo CD8+ 

TRM following LAIV immunization. (A) Schematic illustrating the design of LAIV strain svHA-

12 N370Q. (B) Experimental design. (C) Example staining for SeV NP+ CD8+ T cells in indicated 

tissues in AdNP-immunized mice 30 d.p.i. with svHA-12 or svHA-12 N370Q. (D, E) Frequency 

(D) and number (E) of SeV NP+ CD8+ T cells in indicated tissues 30 d.p.i. with svHA-12 or svHA-

12 N370Q. p values are as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. LOD 

indicated with dotted line at 101.  
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Discussion 

 Despite ongoing research efforts, achieving long-term protection against many respiratory 

pathogens through vaccination remains a challenge. In the case of influenza, the virus’s capacity 

to rapidly mutate its surface proteins results in its ability to evade the antibodies generated during 

a primary immune response. Influenza-specific CD8+ memory T cells, however, target conserved 

internal viral proteins that are shared across different subtypes of influenza virus, thereby making 

them crucial for cross-reactive protection 1-4.  CD8+ TRM, a specialized subset of memory T cells 

that remain embedded along the respiratory tract and do no re-enter the circulation, have been 

shown to be particularly important for mediating protection against influenza virus challenge 5, 6. 

Several vaccination strategies developed against influenza virus have been shown to be effective 

at inducing a CD8+ T cell response, including live attenuated influenza vaccine (LAIV). However, 

while LAIV has been effective in children, it has shown minimal efficacy and variable T cell 

responses in adults 13-16, 30. We therefore hypothesized that LAIV’s ability to “take” is impacted 

by pre-existing influenza immunity due to prior infections and/or immunizations.  

In the present study, we assess the impact of pre-existing humoral and cellular immunity 

on the ability of LAIV to generate de novo antigen-specific CD8+ TRM in the respiratory tract. Not 

surprisingly, we observed that LAIV-SeV NP immunization can boost pre-existing influenza NP-

specific CD8+ TRM with increasing efficacy the further as escape from anti-HA antibodies 

increased. However, LAIV-SeV NP immunization failed to generate de novo SeV NP CD8+ TRM 

even when the immunization strain is capable of fully escaping anti-HA antibodies. Intriguingly, 

immunization with an LAIV-SeV NP strain fully capable of escaping antibodies (svHA-12) still 

failed to generate de novo CD8+ TRM when fewer pre-existing virus-specific CD8+ TRM were 

present in the lung and airways. This finding is particularly interesting to us, as we believe it 
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suggests that CD8+ TRM within the nasal cavity are sufficient at preventing LAIV-SeV NP 

immunization from stimulating formation of CD8+ TRM against novel antigens. In contrast to lung 

TRM, nasal cavity TRM are formed independently of local cognate antigen recognition and are 

relatively stable over time 31. This explains why intraperitoneal infection, which does not deliver 

antigen to the lungs, results in similar numbers of TRM in the nasal cavity when compared to 

intranasal administration. Given that LAIV is temperature sensitive and predominantly replicates 

in the upper respiratory tract, we believe this is a plausible explanation for why LAIV-SeV NP 

immunization still failed to generate de novo lung TRM when significantly fewer influenza-specific 

TRM were present in the lower respiratory tract, although further experiments are needed to confirm 

this hypothesis 27. Lastly, immunization with an LAIV-SeV NP strain that fully escapes antibodies 

and does not present the immunodominant NP366 epitope (svHA-12 N370Q) did succeed in 

generating de novo CD8+ TRM in the lungs and BAL of mice that only have pre-existing NP366+ 

TRM. Taken together, our findings suggest that escape from both the pre-existing humoral and 

cellular responses is necessary to generate a novel epitope-specific CD8+ lung TRM population 

following immunization with LAIV.  

There has been longstanding interest in broadening our understanding of how pre-existing 

immunity impacts susceptibility to influenza infection 32. Original antigenic sin, a phenomenon 

whereby the immune system preferentially recalls existing memory cells made in response to a 

previous antigen encounter, is a well described impediment to generating de novo protection 

against influenza virus 33. The process has been best described in relation to antibody responses 

and is typically not observed during subsequent exposures to distantly related or entirely unrelated 

antigens 34. It has been proposed that altered antigen trafficking and prevention of LAIV replication 

in the nasal epithelia post-vaccination are potential mechanisms by which pre-existing antibodies 
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reduce the overall effectiveness of LAIV, where effectiveness was measured as strong serum 

antibody levels and protection against homologous and heterologous strains 35. Although B cell 

responses to LAIV were not a focus of this study, our data suggest that pre-existing memory T 

cells in the upper respiratory tract may also contribute to original antigen sin. The ability of TRM 

in the respiratory tract to rapidly eliminate virus-infected cells may limit the absolute amount and 

duration of viral antigen production, further biasing the antibody response toward pre-existing 

memory B cells. Additional studies are needed to determine the impact of pre-existing cellular 

immunity on LAIV’s ability to stimulate de novo B cell responses.  

Overall, our results provide critical insight to the roles that both pre-existing humoral and 

cellular immunity play in restricting the ability of LAIV immunization to promote antigen-specific 

T cell responses, and in particular the ability of pre-existing TRM to limit the development of de 

novo T cell responses. Recently, it’s been shown that prior immunity impacts the immune response 

to vaccination against SARS-CoV-2. While individuals who are recovered from SARS-CoV-2 

infection tend to experience a broader and stronger antibody response after booster vaccinations, 

a larger proportion of naïve T cells was found to be required for superior quality CD4+ T cell 

responses post-vaccination 36. In addition, LAIVs and other viral vectors, such as recombinant 

adenoviruses and orthopoxviruses, have been proposed as delivery platforms for vaccine antigens 

or for gene therapy 24, 37-41. Our data suggest that vector-specific memory T cell responses may 

also limit the efficacy of these platforms and should be considered in their design. In the case of 

recombinant adenovirus vaccines, vectors built from serotypes of non-human species are being 

evaluated to circumvent this issue 42. While pre-existing antibodies and memory T cells are known 

to shape the establishment of novel antigen responses, their impact can vary depending on the 
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specific pathogen and vaccination platform used, and additional research is needed to better inform 

vaccine design.   
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Chapter IV: Discussion 

 Following clearance of respiratory infection, distinct subsets of memory CD8+ T cells that 

provide cell-mediated protection are established. Two subsets, the effector and central memory T 

cell populations, continually migrate through the blood stream to patrol lymphoid and peripheral 

tissues. The tissue-resident T cell compartment, however, does not re-enter the circulation and 

instead remains localized within the tissue. Canonically, CD8+ TRM are identified by expression of 

the cell surface markers CD69 and CD103, which both help retain cells in the tissue. CD69 is a C-

type lectin that associates with the S1P1 receptor on the T cell surface thereby preventing its 

binding to the blood metabolite S1P1-3. CD103, also known as integrin aEb7, binds to E-cadherin 

on epithelial cells4. In addition to their surface markers, TRM can be identified by intravital labeling 

to distinguish cells not within the blood circulation. Uniquely positioned within barrier tissues such 

as the respiratory tract, skin, intestinal tract, and female reproductive tract, TRM act as sentinels 

and rapidly respond to pathogen re-encounter by producing cytokines to recruit other immune cells 

and/or directly killing infected cells5-9.  

CD8+ TRM have been shown to be critical mediators of immunity against many respiratory 

pathogens including influenza virus, respiratory syncytial virus (RSV), SARS-CoV-2, and 

tuberculosis. Although they alone do not provide sterilizing immunity, when present in sufficient 

numbers, CD8+ TRM help mitigate early viral burden, resulting in limited immunopathology and 

improved lung function. However, following acute infection with influenza virus, cellular 

immunity steadily declines over time5, 10. Our group and others have shown that this loss of cellular 

immunity is due to the loss of influenza-specific CD8+ TRM within the lungs and airways; while 

the number of virus-specific TEM in circulation remains steady over time, the number of CD8+ TRM 

within the lung interstitium and airways decline to nearly undetectable levels within 7 months post-
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infection. The exact mechanisms behind this loss in CD8+ TRM have not been fully elucidated, but 

a recent study from our lab showed that the airway environment induces transcriptional changes 

in airway CD8+ TRM that lead to their decline via apoptosis11. This is one potential explanation for 

why airway TRM decline and demonstrates how the tissue environment can help shape the kinetics 

of TRM loss.  

The data within this thesis provide further insight to the mechanisms impacting generation 

and maintenance of antigen-specific CD8+ lung TRM in the context of two vaccination strategies 

against influenza virus. Recent studies showed that immunization with a recombinant adenovirus 

serotype 5 that expresses the influenza nucleoprotein (AdNP) via i.n. and s.c. routes results in 

formation of protective influenza NP-specific CD8+ TRM populations that are maintained in the 

lungs and airways for up to 1-year post-immunization12. This is in stark contrast to the gradual loss 

of CD8+ TRM observed following a primary influenza infection. Subsequent studies determined 

that these T cells continue to encounter their cognate influenza NP antigen locally within the 

respiratory tract in AdNP-immunized mice. Additionally, parabiosis studies suggested a model in 

which circulating TEM migrate through the lungs and airways where they encounter persistent NP 

antigen and differentiate into TRM.  

In Chapter II, we used RNA-sequencing analysis to show that the NP-specific CD8+ TRM 

generated following AdNP immunization have a transcriptional signature like that of CD8+ TRM 

generated during influenza infection. Gene set enrichment analysis revealed TRM from both AdNP 

immunized mice and influenza infected mice express a core set of genes from a known TRM 

signature confirming that both populations are bona fide TRM. However, very few DEGs were 

identified when comparing 1-month post-AdNP or x31 influenza. This indicates that AdNP 

immunization does not induce cell intrinsic changes that account for the enhanced longevity of 
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CD8+ TRM and therefore supports the model that circulating TEM differentiate into TRM upon 

cognate NP antigen encounter in the lung.  

To identify the cell types important for maintaining NP+CD8+ lung TRM long-term 

following AdNP immunization, we first depleted CD4+ T cells following AdNP immunization and 

found that the number of NP+ CD8+ TRM in the lungs and airways significantly declined. This 

aligns with prior work from Susan Kaech’s group showing that CD4+ T cells promote the 

generation of CD103+ lung TRM and their migration into the airways in an IFNg-dependent manner 

13. The Kaech study proposed a mechanism in which CD4+ T cell help leads to TGF-b-mediated 

induction of CD103 surface expression, and we hypothesize a similar mechanism may be 

occurring to promote differentiation of CD8+ lung TRM following immunization with AdNP.  By 

immunizing lox-STOP-lox fluorescent reporter mice with a recombinant adenovirus vector 

expressing Cre recombinase we also identified alveolar macrophages as the primary cell source of 

persistent NP antigen in the respiratory tract and confirmed that these cells persisted in the animal 

for at least 1-year post-immunization. We subsequently confirmed this finding by observing 

colocalization of influenza NP protein within alveolar macrophages collected from the airways of 

AdNP immunized mice 90 days post-immunization using immunofluorescent microscopy. In 

summary, these findings demonstrate that alveolar macrophages provide a long-lived NP antigen 

depot following intranasal immunization with a recombinant adenovirus serotype 5, and that this 

depot helps maintain high numbers of protective NP-specific CD8+ TRM for up to 1-year following 

immunization.  

In Chapter III, we explore the impact of pre-existing immunity on the generation of de 

novo antigen-specific CD8+ lung TRM following live attenuated influenza vaccination (LAIV). 

Since the surface proteins of influenza virus differ between virus subtypes and are prone to high 
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rates of mutation, humoral responses generated following one influenza infection are often 

suboptimal against subsequent exposures14, 15. The CD8+ T cell response, however, targets epitopes 

that are highly conserved across different strains of influenza virus16, 17. As such, focus on 

generating CD8+ memory T cells is at the forefront of designing a vaccination strategy that 

provides broad, long-lasting protection against re-infection with influenza. Immunization with 

LAIV successfully generates an anti-influenza CD8+ T cell response, including protective CD8+ 

TRM18. However, its overall efficacy has historically been low in human adults when compared to 

children19-22. We hypothesized that pre-existing immunity due to natural 

infection(s)/immunization(s) prevent LAIV’s ability to “take” in individuals and sought to evaluate 

the role of established humoral and cellular immunity on the generation of de novo CD8+ lung TRM 

following immunization.  

 To evaluate the impact of pre-existing humoral immunity on the efficacy of LAIV, we first 

generated a series of drifted LAIV strains each with an NP epitope from Sendai parainfluenza virus 

(SeV NP) and increasing ability to escape anti-HA antibodies. Using SeV NP as a readout for novel 

antigen-specific TRM, we determined that LAIV immunization fails to generate de novo CD8+ lung 

TRM in PR8 influenza-immune mice, even when they were immunized with svHA-12 LAIV, an 

LAIV strain fully capable of escaping anti-HA antibodies. Interestingly, LAIV immunization did 

succeed in boosting the number of pre-existing influenza NP366+ CD8+ TRM, with efficacy 

increasing as the anti-HA antibody response was escaped. Combined, these data suggest that 

escape from the pre-formed antibody response alone is not sufficient to generate de novo CD8+ 

TRM and that the pre-existing cellular immune response also plays a role in preventing LAIV 

immunization from “taking.” 
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 Since local recognition of cognate antigen is a prerequisite for formation of CD8+ lung 

TRM, infections administered via a non-respiratory route establish significantly fewer CD8+ TRM 

within the lower respiratory tract. We therefore repeated our LAIV immunization using PR8-

immune mice that had received a primary WT PR8 infection by i.p. injection. To our surprise, we 

were still unable to detect any SeV NP+ CD8+ lung TRM following LAIV immunization, even with 

the decreased numbers of pre-existing influenza NP366-specific CD8+ TRM in the lungs and airways. 

We hypothesize that CD8+ TRM within the nasal cavity are preventing LAIV immunization from 

generating novel CD8+ TRM and this possibility is discussed in more detail below.  

 Given that our data indicates the CD8+ memory T cell response is enough on its own to 

prevent generation of de novo antigen-specific CD8+ TRM following immunization, we next sought 

to evaluate whether escape from this pre-existing cellular response is sufficient for generating 

novel antigen-specific CD8+ TRM. We therefore generated a new version of our LAIV 

immunization strain that fully escapes anti-HA antibodies and includes a point mutation within the 

nucleoprotein sequence that prevents presentation of the immunodominant CD8+ T cell epitope, 

NP366, via MHCI. This LAIV strain was named svHA-12 N370Q. To test whether the presence of 

TRM specific for a single immunodominant CD8+ T cell epitope alone is enough to prevent LAIV 

immunization from generating a de novo T cell response, we immunized mice that had been first 

given AdNP with svHA-12 and svHA-12 N370Q. Interestingly, svHA-12 N370Q immunization 

of AdNP-immunized mice successfully generated de novo SeV NP+ CD8+ TRM in the lungs, 

airways, and nasal cavity, but svHA-12 immunization did not. Combined, these data demonstrate 

that escape from both pre-existing humoral and CD8+ T cell responses is necessary to generate de 

novo antigen-specific CD8+ lung TRM following immunization with LAIV.  
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Overall implications for vaccine design  

Combined, the data presented in this thesis further inform our knowledge of the 

mechanisms driving generation and maintenance of CD8+ TRM following respiratory infection or 

immunization. Unlike TRM in other peripheral tissues such as the intestine and genital tract, virus-

specific CD8+ TRM within the lungs and airways steadily decline over time following their 

establishment following infection23-25. Better understanding of the factors that help generate and 

maintain virus-specific CD8+ TRM is needed to inform future design of T cell-based immunization 

strategies against respiratory infection; however, many questions remain unanswered. Although 

several factors have been identified as important mediators of CD8+ TRM generation, specific 

requirements can vary by tissue and vaccine vector. Furthermore, to date, relatively few studies 

have evaluated maintenance of TRM in the context of pre-existing immunity and/or subsequent 

infections.  

 

Location of antigen and TRM 

Local recognition of cognate antigen within the lung tissue is one necessary factor for 

formation of CD8+ lung TRM, so targeting antigen to the respiratory tract is key to achieving 

protection. Targeting of antigen to specific APCs is known to polarize the subsequent T cell 

responses and has been utilized for subunit vaccines26, 27. Additional studies are needed to 

determine exactly how the persistent NP antigen depot established in alveolar macrophages 

described in Chapter II sustains the CD8+ lung TRM population in AdNP-immunized mice. 

Presumably, NP+ alveolar macrophages present the antigen directly to circulating TEM and induce 

their differentiation into TRM; however, this would need to be confirmed experimentally. A recent 

study demonstrated that fibroblastic stromal cells in the lung can also serve as long-lived antigen 
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depot following intravenous delivery of recombinant adenovirus, and that this depot supports 

maintenance of inflationary CD8+ memory T cells in an IL-33-dependent mechanism. Since 

alveolar macrophages are also known producers of IL-33, it is possible that they support CD8+ 

lung TRM in a similar cytokine-dependent manner in addition to presenting cognate antigen.   

One disadvantage of targeting antigen to alveolar macrophages is that these cells undergo 

high levels of cell death following acute respiratory infection with influenza virus28, 29. Even 

though recombinant adenovirus does not initiate alveolar macrophage cell death following 

transduction, we showed in Chapter II that this population could be eliminated following 

subsequent unrelated respiratory infections. Importantly, the loss of alveolar macrophages post-

immunization with AdNP correlates with a significant decline in the number of NP-specific CD8+ 

TRM. This is an important consideration for future design of vaccines intended to target antigen to 

innate cell types known to be impacted by acute respiratory infection.   

 Indeed, our data with AdNP immunization supports a model in which alveolar 

macrophages provide a persistent source of cognate antigen within the lungs that promotes 

continual recruitment of circulating TEM into the TRM population. Alveolar macrophages are known 

to be long-lived under steady-state conditions and can be transduced by recombinant adenovirus 

vectors via scavenging receptors on the cell surface 30-37. For these reasons, alveolar macrophages 

may be ideal candidates to target to establish a long-lived antigen depot despite the disadvantages 

noted above. In addition to alveolar macrophages, dendritic cells and fibroblastic stromal cells 

could serve as potential antigen targets following immunization with adenovirus vectors or other 

vaccine strategies38, 39.  

 In Chapter III, we show data that indicates CD8+ memory T cells in the nasal cavity prevent 

the ability of LAIV vaccination to generate de novo TRM. In general, nasal cavity TRM are not as 
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well described as lung and airway TRM but are likely to play a large role in mediating protection 

against respiratory infection. To date, studies have shown that nasal cavity TRM are generated 

independently of local antigen stimulation and TGF-b signaling40. Furthermore, the number of 

nasal cavity TRM has been shown to decay minimally over time40. These characterizations suggest 

nasal cavity TRM are more alike TRM populations in other tissues than they are to the lungs and 

airways. However, additional studies are needed to fully assess other factors, such as cytokine 

signaling, required for generation & maintenance of nasal cavity TRM.  

Of note, virus-specific CD8+ TRM in the nasal cavity can prevent transmission of virus 

down to the lower respiratory tract by limiting viral replication within the upper respiratory tract40. 

We believe this explains why LAIV immunization fails in PR8-immune mice, since the 

temperature-sensitive vector predominantly replicates at lower temperature found in the upper 

respiratory tract41-43. Since nasal cavity TRM are so successful at preventing spread of virus to the 

lower respiratory system, then developing methods for depositing T cells within the nasal tissue 

could provide protection against respiratory viral infection. Furthermore, the enhanced longevity 

of nasal cavity TRM may make them ideal candidates over lung T cells for establishing sustained 

protection. Lastly, the role of virus-specific CD8+ TRM within the nasal cavity in preventing 

transmission of virus between individuals stills needs to be investigated. 

 

Impact of prior (and future) infections & immunizations 

LAIV is a promising platform for immunization against influenza virus because it can 

establish a cross-protective CD8+ T cell response. However, as demonstrated in Chapter III, its 

effectiveness is substantially limited by both pre-existing humoral and T cell immunity. In Chapter 

II, we comment on the utility of recombinant adenovirus vectors as an alternative vaccine platform. 
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Although this approach can induce long-lasting protective T cell responses against viral antigens, 

its efficacy is also impacted by pre-existing immunity within the human population due to natural 

adenovirus infection44.  

Prime-boost vaccination strategies have also been shown to increase the number of antigen-

specific memory CD8+ T cells through repeated antigen exposure and have been used to 

successfully improve the efficacy of cellular immunity against pathogen challenge45-48. 

Furthermore, repeated boosting of pre-existing memory T cells can lead to improved memory T 

cell responses on a per cell basis, suggesting that secondary or tertiary memory lung TRM may have 

intrinsic properties that enhance their longevity49-51. Recently, a comparison of primary and 

quaternary CD8+ T cell memory showed that lung TRM from repeated influenza infections were 

resistant to apoptosis in the lung tissue and persisted at much larger numbers52. These studies 

suggest that repeated stimulation may enforce an epigenetic and transcriptional program that 

renders lung TRM more resistant to gradual decay.  

Although repetitive boosting has been shown to result in sustained memory T cell 

responses against respiratory infections, our data in Chapter III suggest careful consideration must 

be taken when designing the vaccine regimen; the number of pre-existing CD8+ T cell epitopes 

may be increased upon boosting, but possibly at the detriment of not generating T cell responses 

against novel antigens. Ongoing studies in our group also seek to understand the cell intrinsic 

changes and environmental effects governing CD8+ lung TRM following a prime-boost vaccination 

strategy against influenza virus. Based on our findings in Chapter III, it is conceivable that de novo 

CD8+ lung TRM will be undetectable after a certain amount of boosting has occurred, likely due to 

the immunity generated against the early vaccination strains. In addition, the impact of subsequent 

unrelated respiratory infections on the maintenance of CD8+ lung TRM needs to be further 
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evaluated. It was recently shown that TRM highly express the purinergic receptor, P2RX7, and that 

this receptor’s recognition of danger-associated molecular patterns (DAMPs) can lead to cell death 

of TRM following respiratory infection53. Interestingly, TCR stimulation was also shown to protect 

CD8+ TRM from P2RX7-mediated cell death, suggesting a mechanism by which TRM capable of 

recognizing the invading pathogen are maintained53. Perhaps selectively eliminating pre-existing 

TRM of certain antigen specificities may be beneficial to achieving protection against novel antigen 

epitopes.  

 

TRM beyond respiratory infection 

 Tissue-resident memory T cells have been implicated in many diseases beyond viral and 

bacterial respiratory infection. For example, skin TRM are known players in several autoimmune 

diseases, such as vitiligo and psoriasis54. Studies suggest autoreactive CD8+ T cells are recruited 

to diseased skin sites in vitiligo patients in a CXCR3-dependent manner and that the subsequent 

TRM that are formed are resistant to treatment with JAK/STAT inhibitors55, 56. In psoriasis patients, 

relapse following treatment preferentially occurs in skin areas with high numbers of CD69+ 

CD103+ TRM57. Thus, the persistence of skin TRM over time is a challenge to achieving permanent 

results with treatment against these diseases. Further studies on how autoreactive TRM in the skin 

can be suppressed are needed to fully evaluate the potential of TRM as therapeutic targets.  

CD69+ CD103+ CD8+ TRM are present in many types of solid tumors and associate with 

improved responses to immunotherapy. Recently, a mouse model demonstrated that mice lacking 

functional TRM markers such as CD69, CD103, and CD49a are more susceptible to transplantable 

melanoma when compared to WT mice58-60. However, the exact role of tumor-infiltrating TRM and 

the mechanisms behind their generation and maintenance have not been adequately described. 
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Some studies suggest TGF-b, which is often present at high levels within solid tumor 

microenvironments, may promote differentiation of CD103+ TRM in tumors61, 62. In addition, 

CD69+ CD103+ CD8+ TRM within human lung, breast, and colon tumors express several markers 

associated with antigen exposure or exhaustion such as PD-1, TIM-3, and CD39, suggesting these 

cells may become dysfunctional under certain conditions, but further studies are needed63-65.  

In summary, tissue-resident memory T cells provide protection across many diverse tissue 

environments and are implicated in various disease states. Lung tissue-resident memory T cells 

are crucial mediators of cellular immunity against respiratory pathogens such as influenza viruses, 

but the number of these cells in the lung tissue gradually declines over time. This thesis identified 

several mechanisms that impact the generation and durability of cellular immunity in the lung. 

Together, the findings presented here will guide future cell-mediated vaccine strategies against 

respiratory pathogens. 
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