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Abstract 

Mechanisms of Lung-localized Protection to Respiratory Viruses 

By Tissue Resident Memory T cells 

Alexander Y Yang 

 

Respiratory viruses such as influenza A virus (IAV ) and SARS-CoV-2 are highly 

ubiquitous and contagious pathogens responsible for pandemics and seasonal epidemics, posing a 

constant threat to human health worldwide. Upon infection, respiratory viruses elicit potent 

inflammatory responses to recruit adaptive B and T cells which work together to mediate viral 

clearance. Afterwards, long-lived memory B and T cells confer lasting protection from reinfection; 

however, respiratory viruses like IAV and SARS-CoV-2 exhibit high mutation rates that facilitate 

the evasion of antibody-mediated neutralization. We and others have shown that tissue resident 

memory T cells (TRM), a subset of memory T cells that reside at the site of previous infection, and 

not circulating memory T cells, mediate rapid and robust cross-strain protection to subsequent 

respiratory viral challenge resulting in enhanced viral clearance and significantly reduced 

morbidity and mortality. However, the mechanisms by which TRM orchestrate the induction of a 

carefully balanced protective inflammatory response while safeguarding from excessive 

inflammation and immunopathology remain poorly understood.  

To elucidate the mechanisms for TRM-mediated protection, we utilized a murine model of 

heterosubtypic IAV infection demonstrating that TRM fundamentally alter the induction of the lung-

localized immune response to secondary respiratory viral infection. In comparison to primary 

responses, which were initiated by potent inflammatory innate immune pathways, secondary 

responses were characterized by a relatively attenuated innate immune response and a unique 



 

 

induction of adaptive immune pathways associated with T cell activation. Further dissection of the 

molecular mediators revealed a unique upregulation of Il -10 in secondary responses. Using a 

reporter mouse, we identified that lung TRM are the principal producers of IL-10 during respiratory 

challenge. Inhibition of early IL-10 signaling in secondary infection resulted in increased 

morbidity and lung pathology with no effect on viral clearance. Further dissection on the effects 

of early IL -10 in secondary infections revealed a pleiotropic effect in regulating macrophage 

inflammation and enhancing IFN-g production by memory CD8+T cells. To extend these findings 

to humans, we utilized a unique human tissue resource in collaboration with the New York City 

organ procurement organization, LiveOnNY in which we characterized the flu-specific response 

in human blood, spleen, lung, and lung-draining lymph node. Cellular indexing of transcriptomes 

and epitopes (CITE-Seq) analysis revealed that human influenza-reactive TRM and not circulating 

memory produce IL-10, mirroring our results in our murine model of IAV infection. Human IL-

10-producing TRM also exhibited polyfunctional effector functions by also producing IFN-ɔ. These 

data elucidate a dual function for TRM in coordinating in situ secondary responses by amplifying 

antiviral responses for robust viral clearance while dampening excessive inflammation to limit 

tissue damage and immunopathology. 
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Chapter 1: Introduction  

1.1 Respiratory Viruses 

  The prevalence of respiratory viral infections varies greatly throughout the year, with 

endemic levels rising in the wintertime and falling in the summer1. Winters are typically 

characterized by low temperatures and humidity, which increase both viral stability and 

transmissibility1. Furthermore, the drier air increases host susceptibility. Typically, mucus 

membranes are well hydrated, allowing for efficient mucous transport and clearance of airborne 

pathogens; however, in drier seasons, drier air causes dehydration of mucus membranes, leading 

to a decrease in viscosity of mucous membranes and impaired mucociliary clearance, ultimately 

increasing the likelihood of infection1 (Figure 1.1). Over the years, increases in human interaction 

in enclosed spaces, especially during the wintertime, as well as the increased ease of travel has 

greatly increased the spread of respiratory pathogens globally1.  

  Despite this continuous circulation of respiratory viruses, it has been impossible to develop 

population-level immunity due to the high mutation rate of these viruses, resulting in the 

emergence of new strains with varying levels of infectivity and pathogenicity2ï4. Additionally, 

respiratory viruses like influenza are  particularly susceptible to zoonotic transmission, as influenza 

A virus (IAV) is capable of infecting a broad range of mammals including but not limited to birds, 

swine, cats, dogs, and raccoons5. This cross-species jumping has resulted in multiple pandemics, 

such as the 1997 bird flu pandemic that resulted in hundreds of deaths or the 1918 Spanish flu 

which resulted in over fifty million deaths6ï8. The most dangerous aspect of these zoonotic viruses 

is that they result in the spread of a new strain of a hitherto unseen virus onto an entirely naïve 

population9. The coronavirus disease 19 (COVID-19) pandemic, which resulted in hundreds of 

millions of infections worldwide and was the second leading of death in 2021, most exemplified 
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these dangers as phylogenetic analyses now suggest the likelihood of zoonotic origin8,10,11. These 

recent and many other historical respiratory viral pandemics highlight the potential dangers posed 

by respiratory viruses and emphasize the importance of their study.  

 Murine models have proven highly efficacious to understand the mechanisms for 

respiratory viral infection from both a virology and immunology perspective12. Similar to humans, 

influenza-infected mice exhibit anorexia, malaise, cytokine storm, respiratory distress, and 

pneumonia12,13. Genetic manipulation of mouse models have provided deeper insight into the 

immune response to respiratory viral infection through the selective deletion of various immune 

cell types or signaling pathways12,14ï16. Targeted ablation of immune populations or interferon-

signaling pathways have revealed crucial nonredundant functions for adaptive immune B and T 

cells as well as interferon-signaling in mediating viral clearance, ultimately protecting from 

morbidity and mortality17ï27.  After resolution of the infection, mouse models have demonstrated 

that the lung environment is permanently altered though the establishment of tissue-resident 

memory cells28ï30. Work from our lab and others have demonstrated that human barrier site 

immunity is a complex ecosystem in which adaptive immune memory is seeded from infancy, 

developing and evolving over a lifetime31ï33. While past mouse studies have demonstrated that 

local lung immune activation and inflammation for viral clearance, the safeguards against 

excessive and pathological inflammation remain unclear. Here, we utilize a mouse model of 

heterologous secondary infection to better understand the mechanisms that protect from severe 

disease to respiratory viruses that continuously evolve such as IAV or SARS-CoV-.2.  
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Figure 1. 1: Effects of humidity on mucosal function. 

(left) Humid air assists in achieving proper mucosal hydration, allowing for efficient mucous flow 

to clear airborne debris and particles. (right) Dry air causes a dehydrated mucosal layer, leading to 

increased mucosal viscosity and compressed cilia; together this ultimately results in impaired 

mucociliary clearance and the accumulation of particulate matter in mucus membranes.  

Adapted from ñSeasonality of Respiratory Viral Infectionsò by Moriyama, M. et al. Annual Review 

of Virology 7, 83-101 (2020)1. 
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Influenza A virus (IAV) 

WHO estimates have found that there are approximately one billion influenza infections 

annually, resulting in millions of cases of severe illnesses and hundreds of thousands of deaths2. 

Symptoms range from mild cough, fever, sore throat, headaches, muscle pain, and fatigue, to more 

severe life-threatening pneumonia and respiratory distress. Influenza is a virus of the 

Orthomyxoviridae family; of the four types of influenza viruses (A-D), influenza A virus (IAV)  

represents the overwhelming majority of annual influenza infections globally34ï36.  

IAV is a negative-sense single-stranded RNA virus with a segmented genome comprising 

8 separate genes encoding RNA polymerase subunits (PB1, PB2, PA), viral glycoproteins (HA, 

NA), viral nucleoprotein (NP), matrix protein (M1), membrane protein (M2), nonstructural protein 

(NS1), and nuclear export protein (NEP) (Figure 1.2A). The RNA polymerase subunits (PB1, PB2, 

PA) are responsible for RNA synthesis and replication. NP binds the viral genome, providing 

structure and stability. M1 is a matrix protein that provides structural scaffolding for the virus and 

works with NEP to coordinate trafficking of viral RNA segments within the cell. M2 is an ion 

channel that spans the viral membrane which facilitates viral entry and egress in cells. The viral 

glycoproteins HA and NA are expressed on the virus surface, mediating cellular entry but also 

acting as ideal targets for antibody-mediated immunity2,34. HA binds sialic acid residues to mediate 

viral entry into cells37.  NA plays multiple crucial roles during infection, including the release of 

newly replicated virus from infected cells and in the enzymatic cleavage of virions from decoy 

receptors found in mucus, cilia, and extracellular space38. Lastly, NS1 is a virulence factor that 

plays multiple roles in inhibiting the host antiviral response, including but not limited to inhibition 

of mRNA transcription, interferon signaling, and RIG-I sensing2,39.  
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IAV infects cells through receptor-mediated endocytosis when HA recognizes and binds 

sialic acid residues expressed on cell surface glycoproteins. The internalized endosome is 

trafficked and acidified, causing conformational changes in the viral HA that induces fusion of the 

viral envelope with the endosome (Figure 1.2B). The released viral ribonucleoproteins (vRNPs) 

are trafficked to the nucleus to begin transcription and replication of virus. Viral transcription 

produces a complementary positive-strand RNA that allows for the translation of viral proteins in 

the host cell. Newly synthesized viral polymerases (PB1, PB2, PA) and nucleoprotein (NP) traffic 

to the nucleus to continue viral genome amplification. Meanwhile, the viral membrane proteins 

HA, NA, and M2 are incorporated into the cell membrane and NS1 acts to disable host defenses 

to facilitate viral production. M1 and NEP, translated in the cytoplasm, travel to the nucleus where 

they bind vRNPs to be transported back into the cytoplasm. The exported vRNPs are 

reincorporated into the recycled endosome for cellular export in a new virion derived from the 

cellular membrane of the host cell containing viral HA, NA, and M2. This viral budding ultimately 

leads to the cell death and tissue damage2.  

IAV strains are primarily identified by the subtypes of its surface HA and NA proteins, for 

which there are currently 18 and 11 subtypes identified, respectively2. IAV continuously evades 

antibody recognition by acquiring mutations in both the HA and the NA proteins. Mutations are 

acquired due to the selective pressure placed on IAV by adaptive immunity; therefore, to survive 

as a pathogen, IAV frequently mutates through antigenic shift and antigenic drift. In antigenic 

shift, small changes in IAV arise through either genetic reassortment or errors in replication to 

produce new HA or NA proteins. In genetic reassortment, different strains can coinfect the same 

host cell, and because IAV is a segmented virus, there can be an exchange in genetic material 

leading to a new strain. Errors in replication can create point mutations leading to amino acid 



6 

 

substitutions in surface epitopes to avoid immune detection. Sufficiently large changes produce 

entirely new variants, a process called antigenic drift. The HA protein consists of a stalk and head 

structure, with the head being the immunodominant target but also the more frequently mutated 

moiety of the two. The stalk is relatively conserved across strains, making it an ideal target for the 

development of cross-reactive antibodies; however, because of its poor accessibility, it is 

uncommon to develop anti-stalk antibodies3. Continuous exposure encourages the development of 

antibodies targeted more conserved stalk domains, and so anti-stalk antibodies are more prevalent 

in the elderly3,40. Notably, mutations in HA and NA can occur asynchronously, allowing for the 

production of a greater variety of viral strains. Furthermore, zoonotic transmission also forces IAV 

to acquire mutations to infect humans, facilitating the emergence of novel strains3. Thus, all of the 

factors combine to make IAV is particularly resilient and infective pathogen marked by seasonal 

epidemics and pandemics every 10-50 years2.  

 

Influenza B virus (IBV) 

 Although influenza B virus (IBV) has decreased prevalence compared to IAV, studies have 

shown that IBV infection can result in similar disease severity with similar symptoms and 

tropism35. While most IBV infections are resolved without complications, infections in children 

(0-18 years) are more dangerous, where it is responsible for up to 52% of all influenza-related 

deaths41.  

IBV comprises only two antigenically distinct lineages, which are classified as either 

B/Victoria/2/1987-like and B/Yamagata/16/1988-like; however, COVID-19 pandemic strategies 

designed to curtail the spread of SARS-CoV-2 have incidentally caused the potential eradication 

of B/Yamagata-like strains as they have not been detected since 202042. Due to the lack of zoonotic 
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transmission, there is a decreased risk of the emergence of entirely novel strains of IBV. 

Furthermore, IBV mutates at a relatively slower rate compared to IAV3; however this rate has been 

increasing in recent years41.   

IBV proteins perform analogous functions to those in IAV, comprising RNA polymerases 

(PA, PB1, PB2), membrane proteins (HA, NA, BM2, NB), nucleoproteins (NP), nuclear export 

protein (NEP), and nonstructural protein (NS1). Despite their similar nomenclature, these proteins 

have little to no sequence homology to their IAV counterparts, as in silico studies analyzing 

conservation between IAV and IBV found very few conserved peptide sequences. Of the >67,000 

segment sequences studies, only 31 peptides were identified as conserved, with the majority of 

them being polymerase proteins43. Additionally, IBV also contains BM1 and BM2 proteins. BM2 

acts as the functional counterpart to M2 as an ion channel to facilitate viral release inside infected 

cells44. BM1, in addition to its function as a matrix protein, also acts as a cytoplasmic-nuclear 

shuttling protein45. Thus, IBV is a distinct virus from IAV and generation of cross-reactive 

immunity is a very rare event, necessitating vaccination strategies to target both IAV and IBV 

separately.  
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Figure 1. 2: Influenza virus. 

(A) Influenza virions are spherical particles approximately 80-120nm in diameter. Both influenza 

A and B (IAV and IBV) are enveloped negative-sense RNA viruses with eight RNA segments. (B) 

Model of influenza infection. Influenza virions bind sialic acid residues resulting in endocytosis 

of virions into an endosomal vesicle. Upon acidification of the endosomal vesicle, viral contents 

are released and trafficked to the nucleus, where they undergo transcription and replication. 

Transcribed RNA is exported to the nucleus for translation. The translated proteins traffic to 

various locations for viral assembly. 

Figure 1.2B adapted from ñInfluenzaò. Krammer, F. et al. Nat. Rev. Dis. Primers 4, 3 (2018)2. 
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1.2 Overview of the Immune Response to Respiratory Viral Infections 

Respiratory viruses such as the recently emerged SARS-CoV-2 virus and the endemic 

influenza viruses pose a constant threat to human health due to their high mutation rate, allowing 

for the emergence of increasingly infective and pathogenic strains3,46,47.  Respiratory viruses are 

particularly highly transmissible because of their numerous routes of infection ï through 

contaminated surfaces (fomites), aerosolization, and direct contact1,48. Furthermore, increased 

interpersonal interactions in enclosed spaces, globalization, and more convenient travel has 

enhanced the transmission of airborne pathogens globally1. From 2000-2021, respiratory viral 

infections remained a leading cause of mortality worldwide, and in 2021, respiratory viral 

infections were the leading cause of mortality in communicable diseases with COVID-19 ranked 

second and lower respiratory infections as fifth by WHO estimates10. 

Typically, respiratory viruses infect the upper respiratory tract and, in more serious 

incidences, spread to the lower respiratory tract where they infect epithelial cells and ciliated cells 

of the airways and alveoli, replicating and inducing cytolysis in their targets. Newly shed virions  

can then proceed to infect nearby cells2,49ï52. Innate immune effectors in the lung such as 

macrophages are the first to respond to infection, recognizing pathogens through pattern 

recognition receptors (PRRs) which recognize pathogen-associated molecular patterns (PAMPs) 

(Figure 1.3). Macrophages initiate the immune response through the production of inflammatory 

cytokines and chemokines, which recruit additional innate immune cells to the environment. 

Newly recruited monocytes, NK cells, and neutrophils amplify the immune response through the 

production of inflammatory cytokines and kill virally infected cells to control viral replication49,53ï

56. At the same time, antigen-presenting cells (APCs) take up antigen and migrate to the local 

draining lymph node to prime adaptive B and T cell responses. In the lymph node, CD4+ T 
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follicular helper cells (Tfh) provide essential help to B cells to differentiate into memory B cells 

and plasmablasts, which specialize in the production of high affinity neutralizing antibodies57ï60. 

Activated, primed, and clonally expanded B and T cells are then able to migrate to the site of 

infection to perform their various effector functions to eliminate viral infections61. B cells produce 

neutralizing antibodies which recognize and bind viruses, preventing virions from infecting 

additional cells62. In the lung at the site of infection, CD4+ T helper type 1 cells (Th1) augment 

CD8+ T cells responses through the production of TNF-Ŭ, IFN-ɔ, and IL-263ï65. CD8+ T cells 

mediate antiviral protection through IFN-ɔ production, kill virally infected cells, and produce IL-

10 to dampen inflammation and minimize immunopathology49,66,67. Together, B and T cells 

efficiently eliminate respiratory viral infections and protect against severe disease.  

After the resolution of infection, these expanded B and T cell effector populations undergo 

immune contraction, in which a large portion of the cells will undergo apoptosis; however, a subset 

of cells will be maintained as long-lived memory populations, which are capable of rapid response 

in the event of reinfection68,69. Memory T cells are maintained in either circulation as T effector 

memory cells (TEM) and T central memory cells (TCM) or at the site of previous infection as T 

resident memory cells (TRM)28. In the event of secondary infection with the same pathogen, T cells 

quickly clear the infection, resulting in improved prognostic outcome compared to initial primary 

infections. Further investigation comparing TRM with their circulating counterparts have found that 

TRM produce a greater amount of cytokines more rapidly, leading to superior protection in 

subsequent infection70,71. However, the mechanisms that underlie TRM mediated protection are 

unclear. Here, we seek to dissect the mechanisms by which TRM activation alters the lung-localized 

immune response to mediate optimal protection characterized by enhanced viral clearance and 

reduced immunopathology.  
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This chapter will further describe the immune response to respiratory viral infections, the 

immune mediators involved in this process, immune memory established by primary respiratory 

viral infections, and their functions. We then review mechanisms for immunopathology and 

disease severity in respiratory viral infections with the remainder of this dissertation aiming to 

dissect mechanisms of protection from excessive inflammation and immunopathology.   
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Figure 1. 3: Overview of the immune response to respiratory viral infection  

(top) schematic of the kinetics of the immune response respiratory viral infection (bottom) diagram 

showing the cellular response to respiratory viral infection. Kinetics of the immune response occur 

from left to right starting from innate immune response (left), recruitment of adaptive immunity 

(middle), and the resolution of infection and development of long-term memory (right). Refer to 

chapter 1.2 for more details.   
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1.3  Innate Immune Response to Respiratory Viral Infection  

The innate immune system initiates the immune response to viral infections, inhibiting 

viral replication by killing infected cells. Innate immunity is traditionally considered to be 

incapable of recognizing specific pathogens, but is moreover activated through the detection of 

ñnon-selfò, although new studies are challenging this convention72. Pathogens are detected by 

innate immune cells through the recognition of pathogen-associated molecular signaling pattern 

(PAMPs), which are evolutionarily conserved common motifs expressed by a diverse set of 

pathogens49. Host recognition is mediated through pattern recognition receptors (PRRs), which 

facilitate both the extracellular and intracellular recognition of non-self pathogens that must be 

eliminated. Toll-like receptors (TLRs) are a class of PRRs capable of recognizing both 

extracellular and intracellular pathogens. External TLRs, such as TLR1, TLR2, TLR4, and TLR5,  

are expressed on the cell membrane and recognize bacteria and fungi; in contrast, intracellular 

TLRs, including but not limited to TLR7, TLR8, and TLR9, recognize RNA and DNA to initiate 

the immune response against intracellular infections53. The binding of TLRs to their ligand initiates 

various effector functions to eliminate pathogens.  

 

Lung Macrophages 

 Macrophages are the most abundant immune population in the lung, crucially responsible 

for maintaining tissue homeostasis. There are two primary populations of macrophages in the lung, 

identifiable by expression of different surface protein and transcriptional profiles, but most 

notably, their localization (Figure 1.4A). Alveolar macrophages (AMs) are sentinel cells located 

in alveolar spaces, and they regularly patrol to phagocytose inhaled particulate matter to maintain 

tissue homeostasis54,73. AMs can be further subdivided into either tissue-resident alveolar 
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macrophages (TR-AMs), which are seeded before birth and self-renewing, and monocyte-derived 

alveolar macrophages (MO-AMs), which are recruited from circulation. These alveolar 

macrophages tend to favor different polarized functions, where TR-AMs primarily maintain tissue 

homeostasis and MO-AMs are more inflammatory74. The function of interstitial macrophages 

(IMs) have not been well validated; however, given their localization near non-immune cells, it is 

thought that they function to maintain lung architecture and mediate cross-talk between immune 

and non-immune cells54. At baseline, macrophages are responsible for the maintenance of tissue 

homeostasis by clearing cellular debris that may accumulate in tissue54. These routine functions 

are performed in such a way to avoid triggering an unnecessary inflammatory response.  

In response to different stimuli, macrophages can activate and polarize to perform highly 

contrasting functions. Heterogenous subtypes of macrophages can mediate different functions 

based on their lineage, localization, and microenvironment; however, macrophage activation can 

be broadly categorized into either ñclassically-activatedò, pro-inflammatory M1-like phenotype or 

the ñalternatively-activatedò anti-inflammatory M2-like phenotype (Figure 1.4B)55,74. In response 

to foreign pathogens or inflammatory environments, macrophages polarize to the M1 phenotype, 

characterized by the production of inflammatory cytokines and upregulation of inducible nitric 

oxide synthetase (iNOS), which increases their phagocytotic functions and migration74ï77. In 

contrast, alternatively-activated M2 macrophages are involved in tissue remodeling, wound 

healing, and immune regulation. M2 macrophages can be identified by the expression of Arginase 

1 (Arg1), an enzyme which directly antagonizes iNOS by sequestering its substrate, L-arginine78. 

M2 macrophages promote wound-healing through the formation of extracellular matrices and 

stimulation of fibroblasts, and they promote angiogenesis through the production of PDGF and 

VEGF79. M2 macrophages also regulate the immune system through the production of TGF-ɓ and 
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IL -10, which exhibit a variety of immunosuppressive effects. Following tissue injury, these 

macrophages help repair damaged tissue to restore proper tissue homeostasis and function79. Thus, 

the functions of macrophages and their benefits are highly contextual.  

 In the event of respiratory viral infection such as influenza, macrophages can recognize 

IAV infection through intracellular TLR3, 7, and 8, which recognize RNA structures from 

phagocytosed IAV-infected cells or through extracellular TLR4 which sense DAMPs and IAV NP 

(Figure 1.4C)74,80ï82. Macrophages can also detect intracellular products of viral replication 

through retinoic acid-inducible gene 1 (RIG-I) signaling55,74. IAV infection of macrophages can 

also significantly increase their production of pro-inflammatory cytokines such as TNF-Ŭ and 

infection of M2 macrophages can shift their cellular program to also upregulate TNF-Ŭ and M1 

cytokine production83,84. Upon recognition of infection, macrophages produce inflammatory 

cytokines and growth factors mediated by NF-əB or IRF3/7 signaling such as TNF-Ŭ, IL-1, IL-6, 

CCL2, granulocyte-stimulating factor (G-CSF), and type I and III interferons (IFNs). AMs are the 

primary source of IL-1, TNF-Ŭ, and type I IFNs in respiratory viral infections, and studies have 

shown that impairment of alveolar macrophage function led to increased pathology leading to 

respiratory distress and mortality in response to respiratory viral infections55,85,86. Ablation of AMs 

in pigs also resulted in diminished antibody responses and increased weight loss and mortality in 

IAV infection, which correlated with lower levels of IFNs and TNF-Ŭ, highlighting the importance 

of these AM-derived cytokines in the IAV infection response87.  

These macrophage-derived cytokines play key roles in initiating and amplifying the 

immune response to respiratory viral infections. TNF-Ŭ is a neutrophil and eosinophil 

chemoattractant, and it stimulates the production of macrophage-derived CCL2, a potent monocyte 

chemoattractant88,89 . TNF-Ŭ also promotes vasodilation, enhancing the recruitment of leukocytes 
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into infected tissue. IL -1 enhances neutrophil recruitment and CD4+ T cell activation90. IL-6 

supports cell survival by inhibiting apoptosis. Mice deficient in IL-6 during bacterial or IAV 

infection were found to have diminished macrophage, neutrophil, and T-cell responses due to cell 

death91,92. Type I IFNs stimulate a cascade of interferon-stimulated genes (ISGs) that induce an 

antiviral state with a range of functions, such as inhibiting viral entry (MX1, IFIT), preventing 

viral budding (Viperin, Tetherin), inducing apoptosis in infected cells (PKR), and interfering with 

viral protein synthesis (OAS). Additionally, type I IFNs can enhance cytokine production and 

effector functions in other leukocytes, including but not limited to other macrophages, neutrophils, 

and T cells93. Genetic mouse models blocking type I IFN signaling through receptor knockout have  

experience increased mortality in response to IAV infection and exogenous treatment with type I 

IFN was protective, indicating the importance of type I IFN signaling in respiratory viral 

infections94ï96. In contrast to type I IFNs, which broadly signal various leukocytes, type III IFNs 

primarily target mucosal epithelial cells to limit viral infection and propagation97. Thus, 

macrophage-derived cytokines and chemokines play a pivotal role in initiating the immune 

response by not only both recruiting and stimulating additional leukocytes but also by inducing a 

broadly antiviral state in the lung environment.  

 In addition to their pro-inflammatory functions, macrophages also limit viral spread during 

IAV infections through the phagocytosis of infected cells.  Macrophages can limit viral 

propagation by inducing apoptosis in target cells or phagocytosing them through the recognition 

of mannose receptors, scavenger receptors, complement receptors, macrophage receptors with 

collagenous structure (MARCO), CD36, or Fc receptors74,98,99. In a mouse model of IAV infection, 

macrophage-mediated phagocytosis is beneficial for controlling viral replication, and inhibition of 

phagocytosis by intranasal administration of annexin V resulted increased inflammation and 
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lethality98. However, excessive phagocytosis results in tissue damage and increased 

pathology74,100. Likewise, excessive inflammation leads to dysregulation of vasculature, causing 

impaired blood flow and interstitial edema101. A genetic mouse model blocking monocyte 

recruitment through CCR2 deletion demonstrated that ablation of monocyte recruitment leads to a 

decrease in lung inflammation, pathology, and mortality, suggesting that monocytes are critical 

mediators of lung injury and mortality in respiratory viral infections102. Therefore, while 

macrophages play an important role in the immune response to respiratory viral infection, precise 

regulation of macrophage activation is required to mount an effective protective immune response.   
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Figure 1. 4: Macrophage lineage, localization, polarization, and function.  

(A) Diagram of macrophage localization in lungs. Alveolar macrophages (AMs) can be subsetted 

into tissue resident alveolar macrophages (TR-AMs) and monocyte-derived alveolar macrophages 

(MO-AMs). Macrophages in the interstitium are termed interstitial macrophages (IMs). (B) 

Different functional states for macrophages. Inflammatory cues cause M1 polarization, identifiable 

through the expression of iNOS and their expression of pro-inflammatory cytokines. M2 

macrophages express Arg1 and produce cytokines to promote wound-healing, tissue regeneration, 

and immunoregulation. (C) Diagram of macrophage inflammatory responses triggered in response 

to respiratory viral infection.   
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Neutrophils 

 Neutrophils, a critical first responder to both infection and sterile injury, are the most 

abundant leukocyte in circulation in humans. Neutrophils are generated in the bone marrow and 

can be found either patrolling the body in circulation or residing in tissues. Neutrophils are capable 

of rapid activation and proliferation, producing a variety of effector functions such as phagocytosis 

and oxidative burst to clear infections; however, their high potential for rapid activation requires 

tight regulation to prevent undesired collateral tissue damage103.  

 In addition to circulating neutrophils, there is a population of neutrophils that reside in 

pulmonary vasculature and perivascular space at steady state, allowing for the rapid recruitment 

and activation of neutrophils in the case of respiratory viral infections. Neutrophils respond to 

chemotactic signals produced by both immune and non-immune cells, such as CXCL1 (KC), IL-

8 (in humans), CXCL2 (MIP-2Ŭ), and CXCL5. Upon receiving these signals, neutrophils begin 

the process of activation as they enter the site of infection104. To induce their full effector functions, 

neutrophils receive further signals at the site of infection such as PRR signaling (DAMPs, PAMPs) 

or cytokine signaling from IL-6, TNF-Ŭ, IFN-ɔ, G-CSF, IL-1, or GM-CSF. After receiving these 

secondary activation signals, neutrophils can perform a variety of effector functions such as 

degranulation, oxidative burst, phagocytosis, generation of neutrophil extracellular traps (NETs), 

and potential stimulatory effects on other immune cells (Figure 1.5). Neutrophil degranulation can 

release a variety of effector molecules that degrade extracellular matrices to facilitate further 

neutrophil recruitment and chemotaxis as well as directly antimicrobial effects. Oxidative burst 

releases reactive oxygen species (ROS) into the extracellular space directly degrades pathogens as 

well as promoting cell death of infected cells and NETosis, a form of programmed cell death. 

Neutrophils can work with antibodies to phagocytose opsonized cells and particles to clear 
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pathogens103,105. One of the most notable and unique neutrophil functions is the secretion of NETs, 

which are large extracellular structures comprised of chromatin, DNA, and granules. These NETs 

can stimulate activation in other immune cell types and are capable of physically trapping 

pathogens and infected cells, inducing NETosis106. Some studies have found that activated 

neutrophils produce additional inflammatory cytokines to further promote the antiviral response; 

however, it is unclear whether or not this function is redundant103,104,107,108.  
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Figure 1. 5: Neutrophil activation and effector function.  

Neutrophils begin their activation process as they respond to chemotactic signals to localize to 

tissue. Upon arrival at the site of infection, neutrophils receive further stimulating signals from 

either cytokines or PRRs, promoting cell survival and effector functions, such as production of 

NETs, ROS, and cytokines, as well as degranulation and phagocytosis.   
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Natural Killer (NK) cells 

 NK cells were originally identified for their inherent cytotoxic functions. They help 

maintain homeostasis by eliminating virally infected, aberrant, and stressed cells. NK cells develop 

in the bone marrow and mature NK cells can be found in both circulation and tissue. Upon 

activation, they perform their primary effector functions of producing cytokines and killing 

infected and aberrant cells49.  

 NK cells express a variety of chemokine receptors including but not limited CXCR3, 

CXCR6, S1P5, and CX3CR1, allowing them to respond to different chemokines expressed in 

different tissues109. Within tissues, NK cells respond to both activating and inhibitory signals. 

Healthy cells typically express inhibitory signals to prevent accidental cytotoxicity; however, 

cancerous cells can express an altered phenotype such as decreased major histocompatibility 1 

(MHC-I) expression, which can lead to NK-cell mediated cytotoxicity (Figure 1.6)110,111. NK cells 

are also capable of mediated antibody-dependent cellular cytotoxicity (ADCC), wherein they 

recognize cells that have been bound by antibodies112.  Upon recognition of a cell for targeted cell 

death, NK cells can mediate cell death through the release of granzymes and perforins or through 

receptor-mediated apoptosis via tumor necrosis factor (TNF)-related apoptosis-inducing ligand 

(TRAIL) or Fas ligand (FasL)113. In respiratory viral infections, NK cells migrate to the lungs in a 

CXCR3-mediated responses to CXCL9, CXCL10, and CXCL11114. In the infected lung, NK cells 

are further stimulated by local inflammatory cytokines such as type I and II IFNs, IL-12, IL-15, 

and IL-18 to enhance their effector functions. Upon activation, NK cells enhance the antiviral 

response through killing infected cells and through the production of IFN-ɔ and TNF-Ŭ49,112,115.  
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Figure 1. 6: NK cell activation and effector function. 

NK cells respond to a variety of both activating and inhibitory signals. NK cells can activate in 

response to abnormally low levels of MHCI. Activating signals such as binding of antibody to 

infected cells or NK receptor engagement can induce NK-cell mediated cytotoxicity. In addition 

to their cytotoxic functions, NK cells can amplify the immune response through the production of 

IFN-ɔ and TNF-Ŭ.   
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Dendritic Cells (DCs) 

 Dendritic cells (DCs) are critical mediators of the immune response, bridging the innate 

and the adaptive immune system. DCs are professional antigen-presenting cells (APCs), capable 

of recognizing foreign pathogens and presenting it to adaptive immune cells to activate the 

adaptive immune response. DCs recognize foreign pathogens through both extracellular and 

intracellular PRRs, although the main viral sensors are located intracellularly116,117. Upon 

recognition of foreign pathogens, DCs undergo activation and maturation. DCs use proteolytic 

lysosomes to degrade intracellular foreign proteins and after processing the degraded components, 

DCs present the degraded peptides on their cell surfaces on peptide-MHC complexes. Activated 

DCs also upregulate costimulatory molecules, cytokines, and chemokine receptors such as CCR7 

to guide them to the local draining lymph node to present these processed peptides to adaptive 

immune cells (Figure 1.7A). Furthermore, depending on the specific nature of the DC stimulation, 

they can prime different effector responses from T cells, influencing the polarization of T cells117.  

DCs are a heterogenous population with different subsets characterized by their 

localization, function, and unique phenotypic markers. DCs develop in the bone marrow and can 

be divided into three broad subsets ï conventional dendritic type 1 cells (cDC1s), conventional 

dendritic type 2 cells (cDC2s), and plasmacytoid dendritic cells (pDCs). Upon activation, the 

different DC populations perform different functions (Figure 1.7B). cDC1s are the superior 

producers of IFN-ɔ and are particularly effective at priming CD8+ T cell responses. cDC2s more 

highly express the Fc receptors FCɔRI and FCɔRIV and are superior antigen-presenters to CD4+ 

T cells. pDCs are uniquely capable of producing large amounts of type I IFNs. A fourth subset 

arises during inflammatory insults called monocyte-derived dendritic cells (mo-DCs), which 

differentiate from monocytes called into inflammatory environments during infections. Mo-DCs 
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express an intermediate phenotype resembling cDC2s, making them difficult to distinguish 

between the two. Mo-DCs have displayed decreased capacity to migrate to draining lymph nodes 

to perform antigen-presentation; instead it is thought that mo-DCs function more locally to 

propagate the immune response in situ116,118. 
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Figure 1. 7: Antigen presentation by dendritic cells (DCs), subsets, and their primary 

functions. 

(A) Schematic of DC activation. In the lung, DCs internalize and present antigens on cell surface 

MHCs. DCs then travel to the LN, where they prime adaptive T cell responses through the 

presentation of antigen (MHC-TCR binding) as well as providing costimulatory signals in the form 

of costimulatory ligand interactions and cytokines. (B) DC subsets, their origin, and functions. 

Conventional dendritic type 1 cells (cDC1s), conventional dendritic type 2 cells (cDC2s), and 

plasmacytoid dendritic cells (pDCs) derive from bone marrow. Monocyte-derived dendritic cells 

(mo-DCs) derive from monocytes that have localized to sites of infection.  
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Trained Immunity 

 A defining characteristic of innate immunity is the lack of memory of previous infectious 

challenge; however, recent work in the past decade has found that pathogenic challenge can 

produce lasting epigenetic changes that alter effector functions in innate immune populations upon 

subsequent related or unrelated infectious challenge119. In addition to the epigenetic changes, other 

mechanisms of providing trained immunity include differential expression of long noncoding 

RNAs (lncRNAs) and changes in 3-dimensional chromatin conformation modifying the 

accessibility of regions associated to enhance subsequent activation120.  

 One of the first studies to suggest that stimulation could alter subsequent effector function 

was the study of lipopolysaccharide (LPS) tolerance in macrophages. Prolonged exposure to LPS 

was shown to cause macrophages to enter a state of tolerance, in which they became less functional 

and responsive to subsequent stimulation. Evolutionarily, this serves the benefit to protect from 

excessive damaging inflammation121. A murine model of initial bacterial function with 

Pseudomonas aeruginosa demonstrated that trained TR-AMs mediated improved protection by 

secretion anti-inflammatory IL-10 and increased phagocytosis of dead and dying cells122. Acute 

stimulation of macrophages can also enhance pro-inflammatory effector functions in subsequent 

infections. Herpesvirus infections have been shown to increase resistance to subsequent bacterial 

infections through enhanced macrophage-mediated inflammatory responses119,123. In respiratory 

viral infections, airway macrophages have been shown to increase protection in IAV infection 

following infection from SARS-CoV-2 through epigenetic changes that enhance subsequent 

interferon-responsiveness56. AMs trained by IAV infection in murine models have increased 

phagocytic and cytotoxic functions and were able to resist tumor tumor-induced 

immunosuppression to mediate antitumor immunity124,125. Aside from these increased phagocytic 
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and cytotoxic functions, IAV-trained AMs also produce increased IL-6, leading to decreased 

weight loss and increased survival in secondary infection with Streptococcus pneumoniae126. The 

trained immunity status of macrophages can improve protection in both related and unrelated 

infections. 

 Dendritic cells can also be altered by prior infection. DCs that were previously exposed to 

Bacillus subtilis were able to enhance memory T cell priming during IAV challenge127. In a model 

of social disruption stress, Powell et al. adoptively transferred sensitized DCs into naïve mice, 

finding that mice with sensitized DCs exhibited enhanced protective adaptive immune response to 

subsequent IAV infection128. In other disease models, DCs exposed to fungal pathogens have been 

shown to provide enhanced pro-inflammatory cytokine production such as  IFN-ɔ, leading to 

improved protection in subsequent challenge120. While enhanced inflammatory responses can be 

protective, a model of RSV infection has shown that it can lead to deleterious allergic responses. 

Dagenais et al. found that RSV infection causes a sensitization state for DCs that led to increased 

allergic responses, causing increased pathogenicity in atopic conditions129.The benefits of trained 

immunity in DCs are variable and depend on context.   

 While this primed activation state in trained immunity can provide enhanced protection in 

infectious disease models, a predilection towards inflammation can be deleterious. Studies have 

found that pathogen encounter can cause changes in the bone marrow niche, affecting 

hematopoietic stem cells (HSCs)130. These changes can lead to a state of trained immunity which 

in addition to providing protection, can also be pathogenic, particularly in chronic or autoimmune 

conditions. Mouse models of Alzheimerôs disease have found associations with altered microglial 

activation in the brain131ï133. Systemic inflammation associated with trained peripheral monocytes 

are associated with dementia as well133,134. Additionally, trained immunity has also been associated 
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with tumor progression and inflammageing, the increased inflammation associated with aging135. 

While innate immunity is incapable of recognizing specific pathogens in the same way as adaptive 

immunity, inflammation and infection leads to lasting changes that alters their subsequent 

activation and function.  

1.3 Adaptive Immune Response to Respiratory Viral Infection 

The adaptive immune response comprises B and T cells and is defined by its ability to 

mount pathogen-specific responses in infections. In the context of respiratory viral infections, this 

process typically takes a few days. During respiratory viral infections, DCs initiate the recruitment 

of the adaptive immune system. DCs recognize pathogens, phagocytose them, and present them 

on their cell surfaces. 2-4 days post infection (dpi), these activated DCs loaded with antigenic 

peptides on their MHCs migrate to the local lung draining lymph node along a chemokine gradient 

where they can find and activate antigen-specific B and T cells. This process peaks in the lung 

draining lymph node at 5-7dpi; during this time, the DCs expand the pool of activated antigen-

specific adaptive immune cells. These activated cells then migrate back into the lung to perform 

their effector functions to mediate viral clearance136.  

 

T cells 

 T cells derive from HSCs in the BM and then traffic to the thymus, where they mature into 

functional naïve T cells137,138. T cells express a T cell receptor (TCR), which confers antigen 

specificity to individual clonal populations of T cells to recognize a target antigen. Upon 

recognition of their cognate antigen presented on MHCs by DCs, T cells activate to perform their 

various effector functions138. Naïve T cells are activated in lymph nodes in the periphery by APCs, 

which provide the specific signals required for T cell activation (Figure 1.8A). Naïve T cell 
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activation requires three distinct signals for full activation and studies selectively removing signals 

1, 2, or 3 result in varying degrees of decreased activation and function139ï144. Signal 1 occurs 

when T cells recognize their cognate antigen via TCR binding an MHC bearing the proper antigen 

on an APC. Signal 2 involves binding of costimulatory receptors, and signal 3 is provided in the 

form of pro-inflammatory cytokines that guide the immune response. Studies have shown that 

while signal 1 and 2 are sufficient for T cell activation, signal 3 is required to mount robust effector 

responses. Signal 3 can be provided by the APC or by the local environment. Some studies have 

implicated local cytokine exposure to influence T cell subset polarization and function141,145ï147.  

T cells can broadly be divided into CD4+ and CD8+ T cells, which have distinct functions 

and are identified by their expression of these mutually exclusive costimulatory receptors (Figure 

1.8B) 21,148ï151. CD4+ T cells are commonly called helper CD4+ T cells for their capacity to produce 

a broad range of cytokines to facilitate varying responses. In contrast, CD8+ T primarily kill 

pathogens and infected cells, and are called cytotoxic T cells (CTLs)152. 

 CD4+ T helper cells can be subsetted into several different subsets that are defined by the 

expression of specific transcription factors and cytokines (Figure 1.9A)67. T helper 1 cells (Th1) 

typically respond to bacterial or viral infection and are distinguished by the expression of the 

transcription factor (TF) T-bet and the production of IFN-ɔ. T helper 2 cells (Th2) cells respond to 

helminths, express the TF GATA3, and produce IL-4 and IL-13; Th2 cells are also heavily involved 

in allergic conditions. Tfh are identified by the expression of the TF Bcl6 and produce IL-4 and IL-

21; Tfh perform a critical role in providing help to B cells.  In contrast to these proinflammatory 

CD4+ helper subsets, T regulatory cells (Treg), which express the TF FoxP3, produce IL-10 and 

TGF-ɓ67,153,154. Unlike other subsets which largely respond to pathogenic insult, Tregs are known 

to play an essential role in maintaining tissue homeostasis, particularly in mucosal sites such as 
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the lung, respiratory tract, and digestive tract153. CD4+ T cells represent multiple subpopulations 

of cells that are responsible for not only protecting against foreign pathogens but also maintaining 

tissue homeostasis.  

 CD8+ Cytotoxic T cells (CTLs) are specialized cells that respond to infection, enhancing 

the immune response and killing infected cells (Figure 1.9B). CTLs mediate cytotoxicity through 

the production of granzyme B and perforin, which induces apoptosis in their target cells67. 

Perforins generates pores in target cells that allow granzyme B to enter the cell and induce 

apoptosis, resulting in target cell death155,156.  In addition to their perforin/granzyme B-mediated 

cytotoxic functions, CTLs also amplify the immune response through the production of IFN-ɔ and 

TNF-Ŭ. CTLs play an essential role in viral infections wherein they kill virally infected cells. CTL-

mediated cytotoxicity has also been shown to provide antitumor immunity, killing tumorigenic 

and aberrant cells67.  

  During respiratory viral infections, T cells are primed in the lung draining lymph node by 

APCs. Activated T cells can be detected as early as 2dpi in the LN; however, the peak of the T cell 

response occurs much later at 7-10dpi, with the exact kinetics varying depending on the 

infection157,158. In the lymph node, activated CD4+ Tfh cells are critical for germinal center 

formation and provide essential B cell help to produce high affinity antibodies159,160. Other primed, 

activated, and clonally expanded T cells migrate back into the lung to perform their effector 

functions. In the lung, CD4+ Th1 cells contribute to the immune response through the production 

of antiviral cytokines such as IFN-ɔ and TNF-Ŭ and support T cells by the production of IL-2159,161. 

CD4+ T cells enhance CD8+ T cell function and also help guide CD8+ T cells to the site of 

infection159,162. CD4+ Th1 support is critical as deficiencies in CD4+ Th1 leads to CD8+ T cell 

exhaustion characterized by decreased proliferation, cytokine production, and cytotoxicity163,164. 
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Activated CD8+ CTLs migrate to the sites of active infection, kill ing virally infected cells and 

promoting an antiviral immune state through the production of IFN-ɔ and TNF-Ŭ165,166. While mice 

depleted of CD8+ T cells were still able to mediate viral clearance, adoptive transfer of CD8+ T 

cells into immunodeficient mice demonstrated that CD8+ T cells alone are sufficient to mediate 

viral clearance in respiratory viral infection, indicating their potent capabilities22,167ï169.  

In addition to their direct antiviral functions, CD8+ T effectors also play an additional 

regulatory role through the production of IL-10 to mitigate immunopathology during respiratory 

viral infection66,158. Mouse models of RSV and IAV have shown that T cells produce IL-10 during 

acute respiratory viral infections, and that CD8+ T effector cells are the major source of IL-10 

during the primary antiviral response (Figure 1.10)158,170. In a model of respiratory viral infection 

with bacterial superinfection, mice deficient in IL-10 signaling succumbed to infection whereas 

IL -10 signaling alleviating the symptoms from excessive IFN-ɔ and TNF-Ŭ signaling171. 

Furthermore, abrogation of IL-10 signaling in IAV infection led to an increase in morbidity and 

mortality, suggesting that CD8+ T cell-derived IL-10 plays a crucial role in protecting from 

immunopathology67,158. This timing of IL-10 signaling is of crucial importance, as early or late IL-

10 signaling in the infection response is deleterious, leading to more severe disease characterized 

by increased inflammation, immune infiltration, morbidity, and mortality170,171. Thus, T cells play 

important roles in not only mediating efficacious viral clearance but also protection from 

inflammation, immunopathology, and disease severity.  
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Figure 1. 8: T cell priming and activation. 

(A) T cells are activated by DCs by receiving three signals. Signal 1 is direct TCR signaling via 

antigen presentation on an MHC. Signal 2 is provided by costimulatory receptors, and signal 3 is 

provided by additional cytokine help.  (B) T cells are activated by APCs such as DCs in the lung 

draining lymph node. Activated CD4+ and CD8+ T cells migrate back into the lung. In the lung, 

CD4+ T cells enhance the immune response by producing cytokines. CD8+ T cells kill infected 

cells and also produce inflammatory cytokines.  
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Figure 1. 9: T cell function and development. 

(A)  CD4+ T cells are called ñhelper T cellsò because of their ability to produce a variety of 

cytokines to facilitate activation in other cell types. Different CD4+ T cells helper subsets respond 

to different stimuli to support different immune responses as needed. (B) CD8+ T cells are 

primarily cytotoxic, killing infected or aberrant cells, and supporting the immune response against 

pathogens through the production of inflammatory cytokines.   
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Figure 1. 10: T cells produce IL-10 to mitigate inflammation and tissue pathology. 

During respiratory viral infections, CD8+ T effector cells are the dominant source of IL-10 which 

inhibits innate immune effectors, leading to reduced tissue damage and host survival.  
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B cells 

 B cells derive from HSCs in the bone marrow (BM) and then traffic to the spleen to undergo 

maturation into functional naïve B cells172,173. The most prominent B cell function is the production 

of antibodies, which mediate pathogenic clearance and are an easily identifiable correlate of 

protection. However, B cells have recently begun to be appreciated as a functionally diverse 

population, contributing more to the immune response beyond antibody production. B cells 

perform multiple functions and they can also act as APCs to activate T cells, as B regulatory cells 

(Breg) to modulate inflammation, and as cytokine producers to stimulate effector responses (Figure 

1.11)174. As APCs, B cells expressing high-affinity B cell receptors (BCR) can outcompete DCs, 

making them more sensitive and capable antigen-presenters at low concentrations. Bregs produce 

the immunoregulatory cytokines IL-10 and TGF-ɓ, which are involved in protection from 

excessive inflammation and restoration of homeostasis following infection174,175. Effector B cells 

can also enhance immune responses through the production of cytokines; B effector 1 cells (Be1) 

cells produce IL-2, IL-4, TNF-Ŭ, and IL-6 whereas B effector 2 cells (Be2) make TNF-Ŭ , IL-12, 

and IFN-ɔ175. 

 During infections, naïve B cells can encounter their cognate antigen loaded on APCs in 

secondary lymphoid organs (SLOs) such as lymph nodes and spleen. Naïve B cells bind antigen-

loaded APCs through the BCR, causing the B cells to differentiate into short-lived plasma cells 

and germinal center (GC) B cells. In the GC, B cells cycle through the dark zone and light zone to 

produce clonally expanded B cell populations with high affinity antibodies. Dark zone B cells 

undergo clonal expansion and somatic hypermutation (SHM), a process which produces 

intentional mutations in antibodies to produce high affinity antibodies. These B cells then transit 

to the light zone of the GC, where the quality of the antibody specificity is checked. B cells with 
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disadvantageous mutations undergo apoptosis whereas B cells with improved affinity obtain 

further stimulation from T follicular helper (Tfh) to differentiate into either memory B cells or 

plasma cells. These B cells produce high affinity antibodies to effectuate viral clearance68. 

Antibodies mediate viral clearance through a variety of functions. Antibodies can mediate 

complement activation to propagate the immune response. Antibodies are capable of neutralizing 

viruses by binding their surfaces, thereby preventing viruses from binding target cells. Recognition 

of the Fc constant region of the antibody can signal macrophages and other immune cells to 

phagocytose pathogens. Antibodies also play a crucial role in ADCC, enabling another method for 

killing virally infected cells in addition to phagocytosis, and studies in mice with B cell deficiencies 

have found an increase in morbidity and mortality without B cells in respiratory viral 

infections30,176ï178.  
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Figure 1. 11: B cell heterogeneity, development, and activation. 

Schematic illustrating B cell heterogeneity and their functions. Be1 and Be2 enhance the immune 

response through the production of inflammatory cytokines while Breg can regulate the immune 

response through the production of IL-10 and TGF-ɓ. Plasmablasts produce antibodies, and long-

lived memory B cells provide durable protection in the event of reinfection.  
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1.4 Memory T cells 

One of the key features of adaptive immunity is the ability to provide durable, lifelong 

protection. After clearance of respiratory viral infections, immune effectors undergo contraction 

as the lung returns to homeostasis. During this process, the majority of T cells undergo apoptosis; 

however, a fraction of effector T cells transitions into long-lived memory T cells to respond in the 

event of future reinfection. Upon reactivation, memory T cells more rapidly produce effector 

cytokines to protect the host from infection69,179,180.  

Memory T cells are more sensitive to stimulus than naïve T cells allowing for responses to 

lower levels of antigen69,179,180; furthermore, unlike naïve T cells, memory T cells can also produce 

effector responses to cytokine stimulus alone, a behavior termed bystander activation, allowing 

them to support immune responses to pathogenic insults outside of their cognate antigen181,182. 

Memory T cells in mice can be identified through the expression of CD44, a surface receptor that 

plays roles in activation, homing, and adhesion, and CD11a, a surface receptor that mediates 

adhesion as well28,183,184 (Table 1.1). In humans, memory T cells are identified through the 

expression of CD45RA and CD45RO28,185,186. CD45RA expression is associated with naïve T cells 

and its downregulation along with CD45RO expression can delineate memory T cells28,185,187.  

Memory T cells are a heterogenous population comprising multiple different subsets, 

identifiable through their unique surface markers and localization with each subset performing 

specialized functions (Table 1.1). Circulating and tissue-localized memory T cells can be 

differentiated by the expression of receptors that facilitate migration, such as CD62L in mice and 

CCR7 in humans28,188,189. In mice, memory subtypes can be further delineated by the expression 

of CD62L, which mediates cell-endothelial cell adhesion190. CD62L is upregulated on circulating 

populations, such as TCM in mice to allow for TCM-endothelial cell interactions to facilitate homing 
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to sites of inflammation and tissue ingress190ï192. Upon activation, CD62L is cleaved, and the 

activated memory T cell remains at its newly-homed location191. In humans, the homing receptor 

CCR7 is used as the lineage defining marker28. CCR7, which is the receptor for CCL21 and 

CCL19, controls migration of T cells into tissues and SLOs193ï197. Like CD62L, CCR7 is 

downregulated on memory T cells in tissues such as TEM and TRM and is upregulated on circulating 

T cells, such as TCM
28. T central memory cells (TCM), which can be found in circulation and 

secondary lymphoid organs (SLO), produce the T cell cytokine IL-2 and coordinate T cell effector 

responses in lymph nodes. T effector memory cells (TEM), which can be found in circulation, 

mucosal sites, and SLOs, perform various effector functions such as cytokine production and cell 

killing to promote pathogen clearance. T resident memory cells (TRM) do not reenter circulation 

after pathogen clearance; instead, TRM remain in tissues, at the site of previous infection, poised 

and primed to respond in the event of reinfection28,29,198ï202. TRM perform similar effector functions 

to TEM such as cytokine production and mediating cytotoxicity28,203; however, studies comparing 

the two have found that TRM can perform these same functions more rapidly and to a greater 

magnitude28,30,70. The phenotypic and functional differences between different memory T cell 

subsets are detailed further below.  

Memory cell lineage commitment depends on a number of different factors, such as 

cytokine signaling, TF expression levels, and the strength of TCR signaling204. During respiratory 

viral infections, activated naïve T cells undergo massive proliferation during the immune response 

to become effector T cells. However, it is not entirely understood how this expanded effector T 

cell population differentiates into the various memory immune subsets, and so a few different 

models have been proposed to explain the development of memory. In the linear differentiation 

model, effector T cells directly differentiate into TEM, TCM, and TRM populations (Figure 1.12A). 
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In the asymmetrical bifurcative differentiation model, individual effector T cells can give rise to 

different memory populations through asymmetric division (Figure 1.12B)28,204. Some evidence 

suggests that the proximity to the immune synapse with the DC can lead to asymmetric division 

in the T cell between the proximal and distal daughter cells205. In the model of progressive 

differentiation, T cells progress through successive stages of differentiation to become increasingly 

more specialized (Figure 1.12C). Effector T cells can directly differentiate into TRM or they 

differentiate into TCM and then into the more specialized TEM
28,204,206.  

 Amongst the memory subsets, TCM display relatively lower effector capacity; however, 

upon stimulation in lymph nodes by APCs, TCM display the highest proliferation potential, which 

corresponds to their longer telomere length and a decreased propensity towards apoptosis. Some 

TCM are a priori committed to certain T helper lineages; in vitro experiments stimulating TCM in 

absence of polarizing cytokines have found that some TCM have a predisposition to polarizing to 

Th1 or Th2 subsets. However, TCM lineage following proliferation can also be influenced by 

inflammatory cytokines and the environment. TCM stimulated in the presence of IL-12 develop a 

Th1 phenotype whereas TCM stimulated in the presence of IL-4 acquire a Th2 phenotype207.  Studies 

of vaccination and reinfection have found that TCM have been correlated with protection from 

subsequent infection, highlighting their crucial role in the immune response208. Thus, TCM 

represent a plastic population of highly proliferative memory T cells that confer efficacious 

protection in subsequent infections.  

 Although TEM exhibit a lower proliferative capacity than TCM, TEM exhibit much higher 

functional capacity. Chromatin in TEM is maintained in a more accessible state, allowing for more 

rapid upregulation of effector functions. TEM also upregulate chemokine receptors, facilitating the 

localization into inflammatory sites to perform their effector functions. Upon stimulation, CD4+ 
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TEM can produce cytokines as quickly as a few hours, and CD8+ TEM produce not only cytokines 

but perforins and granzymes as well 207. Together, these functions mediate protection in subsequent 

infections. 

 

T resident memory T cells (TRM) 

While other memory T cell populations patrol the body through the lymphatics and 

circulation to monitor and respond to infections, tissue resident memory T cells (TRM) reside in 

tissue at the site of previous infection, perfectly primed and positioned to respond in future 

infections. Their remarkable tissue specificity and residence properties were originally identified 

in murine parabiosis experiments. Adoptive transfer studies in lung and skin TRM found that TRM, 

when isolated from an immunized mouse and transferred into a naïve host, always localize to their 

original niche with little to no transferred cells found in circulation. Furthermore, when these 

recipient mice are joint via parabiosis to a naïve parabiont mouse, the adoptively transferred TRM 

can be found only in the recipient parabiont mouse with no transferred TRM in the naïve 

parabiont29,71,209,210. This observation has allowed for the intravenous administration of brief pulse 

of fluorescently-labeled antibody in mice for the identification of tissue-localized and circulating 

T cells29,211,212. Together, these studies highlight the strong homing and tissue retentive properties 

exhibited by TRM. Tissue homing is mediated by the upregulation of site-specific receptors, such 

as how lung and skin TRM upregulate the homing receptor CXCR6; CXCL16, the ligand for 

CXCR6, is expressed on alveolar macrophages and epidermal keratinocytes to promote lung-

homing and skin-homing, respectively213,214. Tissue retention is achieved by the upregulation of 

receptors to facilitate cell-cell adhesion such as CD69, CD103, and CD49a, and tissue egress is 

minimized by the downregulation of receptors such as CD62L and S1PR1 to avoid tissue egress 
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(Figure 1.13)215ï219. TRM utilize these tissue retention cues to remain at sites of previous infection 

and so TRM generally populate mucosa and barrier sites such as the lungs, airway, digestive tract, 

female reproductive tract (FRT), and skin but can also be found in the brain and SLOs 29,70,215. By 

virtue of their localization, TRM mediate immediate adaptive immune responses to reinfections, 

circumventing the need for recruitment, priming, and activation from the periphery.  

Although mouse models studying TRM facilitated the identification and characterization of 

TRM through intravenous administration of fluorescently-tagged antibodies, this same technique 

cannot be applied to humans220ï222. However, a body of clinical evidence examining T cells in 

patients undergoing T cell-depleting therapies or organ transplantation have validated that human 

TRM, like murine TRM, are able to persist in the tissue niche long term223ï226. Although CD69 is 

upregulated upon activation, we and others have shown that CD69 upregulation in human TRM 

represents a permanent state and is not associated with upregulation of other activation markers, 

such as CD25, CD38, and HLA-DR29,215,227. Utilizing our labôs unique human tissue resource, past 

work in the lab has characterized the CD69+ and CD69- fractions in human tissues in barrier sites 

and secondary lymphoid tissues to identify surface markers and transcription factors that define 

human TRM. Human TRM, like mouse TRM, express homing receptors such as CXCR6 to facilitate 

ingress into tissues, upregulate adhesion molecules such as CD69, CD49a, CRTAM, and CD103 

(on CD8+ but not CD4+ T cells) to facilitate tissue retention, and downregulate tissue egress 

receptors such as CD62L and S1PR1215.  

Mechanistic studies on TRM have largely been conducted in mouse models and have found 

that they exhibit a highly efficacious protective capacity. Adoptive transfer experiments in lung 

and airway TRM demonstrate that transferred TRM not only home to their tissue niches but also 

mediate protection to subsequent lethal IAV infection70,71. Studies of TRM in other tissue sites such 
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as the gut, skin, FRT, and nervous system reinforce their potent protective roles in subsequent 

infections. In a model of vaccinia vaccination and infection, skin TRM generated by vaccination 

have been shown to protect from vaccinia infections, mediating superior viral clearance in 

comparison to circulating TCM
210.  FRT TRM  are generated in response to multiple pathogens, such 

as chlamydia and herpes simplex virus (HSV), and have been shown to protect from subsequent 

HSV reinfections29,228,229. Transplant models of neuronal ganglia or skin into naïve mice showed 

that TRM mediate viral clearance in subsequent infection with HSV230. These studies demonstrate 

that TRM in a multitude of different tissues affect protective responses in subsequent infections.  

The protective antiviral capacity of TRM has been shown to be mediated by IFN-ɔ, with 

ablation of TRM-derived IFN-ɔ resulting in impaired viral clearance, increased immunopathology 

and tissue damage, and even death70,71,231. Comparisons between TRM and their circulating 

counterparts in various tissues such as the lung, airway, gut, and FRT have found that TRM confer 

superior protection due to their ability to produce cytokines in not only a greater quantity but also 

more rapidly as well70,71,232. In addition to mediating direct protection against their cognate 

antigens, TRM are well-positioned to assist in unrelated infections as well. Bystander activation of 

TRM is protective in the skin, lung, airway, and FRT, and this protection is mediated by the 

production of inflammatory cytokines such as IFN-ɔ and IL-17. These pro-inflammatory cytokines 

can either have local effects by stimulating other immune effectors or they can also enhance 

recruitment of circulating leukocytes such as neutrophils to the site of infection233ï235. Studies in 

IAV or lymphocytic cytomegalovirus (LCMV) have found that in bystander activation, some 

CD8+ CTL can be activated to mediate cytotoxicity through the production of granzyme B and 

perforin236,237. Thus, TRM play a beneficial role in host protection through the production of 

inflammatory mediators in both antigen-specific and nonspecific contexts.  
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In addition to their inflammatory functions, TRM can also produce the regulatory cytokine 

IL -10, which exerts an immunosuppressive function on other immune cells 238,239. IL-10 has been 

shown to inhibit antigen presentation and decrease the production of inflammatory cytokines in 

myeloid populations240ï242. IL-10 derived from Tregs in the gut, which contains an abundant TRM 

population, represents the majority of IL-10 in the intestinal lamina propria, and has also been 

implicated in crucially maintaining homeostasis and protecting from inflammatory bowel disease 

(IBD)29,242ï244. Through the use of murine conditional knockout models, ablation of T cell-specific 

IL -10 results in spontaneous colitis, underscoring the essential nonredundant role of T-cell derived 

IL -10 in maintaining gut homeostasis245. These data demonstrate a beneficial role of TRM-mediated 

IL -10 production in maintaining homeostasis.  
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Subset Human 

Phenotype 

Mouse 

Phenotype 

Localization Function 

TCM CD45RAī

CD45RO+

CCR7+ 

CD44+CD62L+ Lymphoid 

tissue, 

circulation 

Memory T cell subset with the most 

proliferative potential. Produces IL-2.  

TEM CD45RAī

CD45RO+

CCR7ī 

CD44+CD62Lī Lymphoid 

tissue, 

mucosal 

tissue, barrier 

sites 

High capacity for effector functions 

(cytokine production and 

cytotoxicity). 

TRM CD45RAī

CD45RO+

CCR7īCD

69+CD103
+/ī 

CD44+CD62Lī 

CD69+CD103+/

ī 

Lymphoid 

tissue, 

mucosal 

tissue, barrier 

sites 

Mediate rapid effector functions in 

response to reinfection, such as the 

production of cytokines (IFN-ɔ, TNF-

Ŭ, IL-2) and cell killing (granzyme B, 

perforin).  

 

 

 

Table 1.1: Memory T cell subsets, phenotype, localization, and function. 

Table adapted from ñA guide to adaptive immune memoryò. Lam, N., Lee, Y. & Farber, D. L. Nat. 

Rev. Immunol. 24, 810ï829 (2024)28.  
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Figure 1. 12: Models of memory T cell generation.  

(A) In the linear differentiation model, activated T cells primed by DCs expand to form a large 

pool of effector T cells. After immune contraction, individual effector T cells all have equal 

capacity to directly differentiate into long-lived TCM, TRM, TEM. (B) In the asymmetric bifurcation 

model, when naïve T cells proliferate following APC-stimulation, daughter cells can directly 

differentiate into memory T cells and effector T cells. In this model, the cell fates of the daughter 

cells vary depending on distance from the immune synapse. The proximal daughter cells 

preferentially become TEM whereas the distal daughter cells preferentially differentiate into TCM. 

(C) In the progressive differentiation model, T cells progressively differentiate along a gradient of 

decreasing proliferation potential. Expanded effector T cells can directly become TRM or TCM, 

which can further differentiate into TEM.  
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Figure 1. 13: TRM phenotype and function. 

TRM can be identified through their upregulation of receptors that facilitate tissue retention, such 

as CD69, CD103, and CD49a and downregulation of receptors used for tissue egress such as S1PR 

and CD62L. Upon activation, TRM rapidly produce inflammatory cytokines and cytotoxic 

mediators such as granzyme B and perforin. TRM can also produce the immunoregulatory cytokine 

IL -10.  

Figure adapted from ñ Human tissue-resident memory T cells are defined by core transcriptional 

and functional signatures in lymphoid and mucosal sitesò. Kumar, B. V. et al. Cell Rep. 20, 2921ï

2934 (2017)215.  
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1.5 Protection and Pathology in Respiratory Viral Infections  

Respiratory viral infections, including but not limited to influenza viruses, coronaviruses, 

and respiratory syncytial viruses (RSV) represent an incredibly dangerous class of pathogens for 

humans globally. Historically, influenza infections have caused unpredictable and catastrophic 

loss of life and disease. Outbreaks of different strains of influenza led to the Russian flu in 1889-

1892, the Spanish flu in 1918-1920, Asian flu in 1957-1958, and the Hong Kong flu in 1968; 

altogether, these various outbreaks have caused cumulative tens of millions of deaths and 

incalculable distress and hardship worldwide246. RSV, which disproportionately affects infants, 

continues to be the leading cause of infant hospitalization247. The emergence of the recent 

coronavirus pandemics for SARS in 2002 and more recently COVID-19 in 2019-2020 emphasize 

that respiratory viral infections continue to pose a constant global health risk, necessitating further 

research in understanding the mechanisms that cause morbidity and mortality to develop therapies 

to improve disease outcomes246. 

 

Mechanisms of Protection in Respiratory Viral Infections 

Genetic mouse models of respiratory viral infections have demonstrated that adaptive B 

and T cell immune responses are required for protection. Mice lacking B and T cells were unable 

to clear IAV infection, resulting in increased weight loss, morbidity, and mortality, indicating their 

essential and nonredundant role in mediating protection from respiratory viral infections17. B cell-

deficient mice exhibited greater morbidity and mortality in IAV infection compared to wild type 

(WT) mice, highlighting the potent protective capacity of neutralizing antibodies177,248. Likewise, 

patients on B cell-depleting therapies experienced reduced vaccine responses and more severe 

disease in SARS-CoV-2 infection249ï252. Adoptive transfer of murine serum IAV antibodies were 
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also able to confer protection against subsequent IAV infection253ï255. Passive transfer of maternal 

IAV antibodies in human and mouse models were also found to confer protection against IAV, 

indicating the potency of antibody-mediated protection and its importance during infancy and 

development. Murine studies like these laid the foundation for convalescent plasma therapy, which 

significantly reduced disease severity in COVID-19256ï260. In absence of B cells, T cells mediate 

viral clearance in the surviving mice in mouse models of IAV infection30,261. One study of vaccine 

responses in patients on B cell-depleting therapies found enhanced CD8+ T cell responses, 

suggesting that T cells may act in a compensatory fashion in the absence of B cells262. Ablation of 

both CD4+ T cells and CD8+ T cells resulted in an inability to clear IAV viral titers resulting in 

increased mortality21ï23,26. Together these studies clearly demonstrate the essential nonredundant 

protection mediated by viral clearance by adaptive B and T cells.  

To further dissect the T cell response to respiratory viral infection, murine models of IAV 

infection with selective depletion of either CD4+ or CD8+ T cells have demonstrated that depletion 

of either CD4+ or CD8+ T cells caused impaired viral clearance but did not result in mortality, 

indicating a partially redundant role for individual T cell subsets in otherwise immunocompetent 

mice21ï24. Mice deficient in CD8+ T cell activity either through antibody-mediated ablation or 

MHC-I class restriction displayed reduced cytolytic capacity in the lungs but were still able to 

clear IAV at a reduced capacity23. Similarly, while deletion of CD4+ T cells resulted in decreased 

cytolytic function in CD8+ T cells and  diminished antibody production in B cells, mice were still 

able to clear IAV infection albeit more slowly18,20,25. Although these data demonstrate that neither 

CD4+ nor CD8+ T cells alone are strictly required for viral clearance in respiratory viral infections, 

mouse models adoptively transferring either CD4+ or CD8+ T cells conclusively illustrate their 

abilities to protect from morbidity and mortality in lethal IAV infections263,264. Notably, adoptive 
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transfer of antigen-specific CD4+ T cell protected from lethal IAV infection in both naïve WT mice 

and mice deficient in host B and T cells, demonstrating the multifunctional capacity of CD4+ T 

cells to coordinate protection through multiple mechanisms263,264. Further investigation into CD4+ 

T cell subsets revealed that multiple subpopulations of CD4+ T cells contribute positively to the 

antiviral immune response. Multiple studies of IAV infection have concluded that enhanced 

protection in IAV infection including faster viral clearance and reduced immunopathology was 

mediated by CD4+ Th1 through IFN-ɔ265ï269. Adoptive transfer of IAV -specific CD4+ Th1 protected 

from lethal IAV infection, underscoring the importance of CD4+ Th1 cells in antiviral immune 

responses270. Aside from CD4+ Th1 cells, both Tfh and Th17 cells have been shown to enhance 

antiviral immune responses in IAV infection. CD4+ Tfh-deficient mice suffered from more severe 

disease, exhibiting decreased viral clearance and greater weight loss and immunopathology in RSV 

infection due to impaired B cell responses271. Adoptive transfer of antigen-specific effector CD4+ 

Th17 and not Th2 cells into naïve mice was sufficient to mediate viral clearance and protection from 

lethal IAV infection270,272. This body of work demonstrates that while mice lacking either CD4+ 

or CD8+ T cells are still able to clear IAV infection, a lack of CD4+ or CD8+ T cells results in 

increased immunopathology and decreased pulmonary function66,136,158,273,274. Furthermore, either 

CD4+ or CD8+ T cells alone are sufficient to mediate protection from lethal IAV infection, 

indicating their extraordinary protective abilities263,264,270,272.  

Despite the remarkable ability of adaptive B and T cells in mediating protection in 

respiratory viral infections, respiratory viruses such as IAV and SARS-CoV-2 evolve dynamically 

over time, acquiring mutations in their surface receptors to evade antigen recognition by existing 

immune memory3,46. This frequent mutation causes continuous exposure to new variants, leading 

to seasonal influenza epidemics punctuated with infrequent pandemics1,3,9,46,47. Antibody titers 
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naturally decline over time and mutations in respiratory viruses impair antibody recognition275. 

Antibodies against IAV are more commonly generated to mutation-prone domains, requiring B 

cells to establish new germinal centers to generate new antibodies to these new variants3,40,276. 

Additionally, secondary B cell responses preferentially recall antibodies against constantly 

mutating epitopes or non-protective antigens277. Preexisting antibodies can also inhibit subsequent 

B cell activation after IAV infection through multiple mechanisms such as antibody feedback and 

epitope masking277ï280. Together, these studies demonstrate multiple impediments to B cell 

secondary responses.  

In comparison, a longitudinal study of SARS-CoV-2 infection revealed that T cell 

responses were preserved even years later275. During secondary respiratory viral infections, T cells 

have been shown to be necessary and sufficient for mediating protection. Murine models of 

adoptive transfer of antigen-specific T cells into T-cell deficient mice have been shown to protect 

from lethal severe acute respiratory distress (SARS) caused by coronavirus (SARS-CoV) 

infection281. Past work in the lab has shown that in a model of B-cell deficient mice, T cells are 

able to mediate protection in secondary heterologous IAV infections30. Administration of FTY720, 

a S1P1R antagonist, did not abrogate this phenotype, indicating that protection was mediated by 

TRM and not circulating populations30,282. T cells mediate heterologous protection through 

recognition conserved internal epitopes, which are less prone to mutation than surface receptors 

on viruses283ï286. Multiple studies have independently characterized that TRM and not circulating T 

cells are necessary and sufficient to mediate heterosubtypic protection in influenza 

infection28,29,71,287. In another study of murine influenza infection, Wu et al. demonstrated that mice 

lacking TRM  succumbed to secondary influenza infection despite having large numbers of TCM and 

TEM
288. We and others have demonstrated through adoptive transfer of circulating and tissue-
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resident IAV -specific memory T cells that lung TRM and not circulating memory were capable of 

mediating protection in subsequent IAV infection70,71,289. Further investigation into individual 

CD4+ and CD8+ TRM subsets have demonstrated that both CD4+ and CD8+ TRM alone were 

sufficient to mediate protection.  Past work in our lab in a model of CD4+ TRM transplantation has 

also shown that CD4+ TRM were sufficient to mediate both enhanced viral clearance and reduced 

morbidity in IAV infection71. Likewise, adoptive transfer of CD8+ TRM in secondary IAV infection 

has found that CD8+ TRM are likewise capable of independently mediating viral clearance through 

IFN-ɔ production70,288. Pulmonary TRM have also been shown to protect from lethal infection in 

models of SARS-CoV-1 infection290,291. Studies of patients with SARS-CoV-2 infection have also 

shown a correlation with reduced severity and TRM numbers in the airway, highlighting their 

protective potential292,293. Taken together, these data demonstrate that crucial role that TRM play in 

mediating enhanced protection in respiratory viral infections.  

 

Immunopathology in Respiratory Viral Infections 

Respiratory viral infections elicit a potent inflammatory response mediated by innate 

effectors, which recruits additional circulating leukocytes and adaptive immune effectors from the 

lymph nodes to the lung. This event marks the peak of infection, as the incoming activated adaptive 

cells simultaneously dampen inflammation and effectively eliminate both unbound virus and 

virally infected cells49,136,158. However, the mechanisms that mediate viral control and clearance 

require delicate regulation, as dysregulated and excessive innate immune responses are the key 

mediators of morbidity and mortality for respiratory viral infections66,246,294,295.  

Animal models of respiratory viral infections have found that excessive innate immune 

responses were causal to severe disease and death (Figure 1.14). Several studies have found that 
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excessive neutrophil activation and infiltration associated with the neutrophil chemoattractants 

CXCL2 and CXCL10 distinguished fatal and nonfatal disease66,296,297. Neutrophils can cause 

damage to the epithelium through the production of ROS, which can indiscriminately damage 

healthy tissue, and NETs, which can degrade the extracellular matrix and stimulate mucus 

production, impairing respiration and gas exchange103. Mouse studies found that limiting 

neutrophil recruitment to the lung was protective66,103. Monocytes which are recruited into the lung 

during infection differentiate into MO-AMs and mo-DCs, both of which are inflammatory 

populations that amplify the immune response through the production of inflammatory mediators 

such as TNF-Ŭ and iNOS66,298. The local inflammatory environment stimulates TRAIL production 

in MO-AMs, which can induce apoptosis in alveolar epithelial cells. Therapies that mitigate 

TRAIL-mediated apoptosis have been able to limit immunopathology without compromising viral 

clearance299,300. Additionally, NK cells are called into the lung during viral infections where they 

not only kill virally infected cells but also enhance the immune response through the production 

of IFN-ɔ.  Mouse models of respiratory viral infections depleting NK cells resulted in reduced 

infiltration of leukocytes and immunopathology, suggesting that NK cells can also contribute to 

disease severity114,301.  

Clinical studies of respiratory viral infections have validated this relationship between 

excessive innate immunity and disease severity. In postmortem examinations of patients who 

succumbed to severe IAV, diffuse alveolar damage was noted, causing respiratory distress and 

impaired gas exchange; however, viral RNA was present in only a subset of patients, indicating 

that viral burden was not causal to disease severity in a portion fatal cases66,302. In COVID-19, 

innate immune cytokines such as IL-1, IL-6, IL-8, and TNF-Ŭ were noted to be correlated with 

disease severity, suggesting excessive innate immune responses to be causal in disease severity294. 
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Mouse models utilizing TNF-Ŭ-blocking antibodies or genetic deletion of TNF-Ŭ  in flu-infected 

mice resulted in reduced inflammation and immunopathology characterized by decreased 

infiltration of macrophages and neutrophils as well as decreased mortality303,304. Further studies 

found that these inflammatory cytokines were associated with recruitment and activation of 

additional leukocytes and led to a dysregulation of the adaptive immune response, leading to an 

exhausted T cell state and impairing viral clearance295,305,306. This dysregulated immune response 

caused by excessive innate immune activation can lead to nonspecific tissue damage and mucus 

accumulation which can progress to impaired gas exchange, respiratory distress, and ARDS. 

Unchecked inflammation can also cause cytokine storm which can cause multi-system organ 

failure and exacerbate respiratory problems66,307ï309. 

Respiratory viruses such as IAV continuously evolve to produce more infective and more 

pathogenic strains. In the context of these multiple heterologous exposures, we and others have 

shown that TRM mediate optimal protective responses characterized by rapid viral clearance and 

minimal inflammation and immunopathology28ï30,71,287,310. Past work from our lab and others have 

demonstrated that both CD4+ and CD8+ TRM enhance viral clearance which was mediated by IFN-

ɔ during secondary IAV infections70,71,288. However, blockade of IL-10 during primary IAV 

infection led to significantly increased morbidity and mortality in mice with no effect on viral 

clearance, indicating that the mechanisms for protection are complex and viral clearance alone is 

insufficient to guarantee survival158. While the protective capacity of TRM is well established, it 

remains unclear how the early in situ TRM activation mediates enhanced protection28ï30,71,287,310. In 

a landscape of frequent exposures to ubiquitous respiratory viruses that constantly evolve to 

produce more dangerous strains, it is essential to dissect the mechanisms for heterologous 

protection to inform and optimize development of therapeutics and vaccines. Here we use a murine 



61 

 

model of secondary heterologous IAV infection to elucidate the mechanisms that mediate optimal 

protection. 
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Figure 1. 14: Immunopathology in respiratory viral infections. 

Immunopathology in respiratory viral infections is mediated by excessive innate immune 

activation. Inflammatory signals recruit neutrophils and monocytes, which differentiate into Mo-

DCs and MO-AMs, amplifying the immune response through cytokine production. Through their 

effector functions, macrophages, neutrophils, and NK cells can cause nonspecific cell death and 

damage to the epithelium. These cumulative inflammatory signals can lead to cytokine storm and 

the cumulative tissue damage can lead to respiratory distress and ARDS.  

Figure adapted from ñInfluenza virus-induced lung injury: pathogenesis and implications for 

treatmentò. Herold, S., Becker, C., Ridge, K. M. & Budinger, G. R. S. Eur. Respir. J. 45, 1463ï

1478 (2015)66.  
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1.6 Thesis Aims  

  Currently, the most efficacious strategy employed against viral infections is vaccination, 

which focuses on the production of neutralizing antibodies. Routine vaccination in the United 

States has led to a significant incidence of disease, ranging from 17% in influenza to 100% in 

polio311. More recently in the case of COVID-19, which caused a global crisis, the rapid 

development and deployment of the vaccine is estimated to have resulted in millions of fewer 

hospitalizations and deaths, facilitating the recovery from the global pandemic312,313. However, 

SARS-CoV-2, similar to seasonal IAV, continues to evolve to escape immune detection. In an 

effort to maintain protection against evolving strains of SARS-CoV-2 and IAV, our current 

strategies focus on continued vaccination to either boost existing immune memory or to develop 

new antibodies against newly emerging strains3,46,314,315. The continued boosting of existing 

immune populations may hamper the development of immune memory that can mediate more 

efficacious protection to novel infections whereas vaccination against new and emerging strains 

necessitates constant immunization against new variants315,316. Furthermore, these vaccination 

strategies result in antibodies that not only wane over time but also produce poor cross-strain 

protection317,318. 

   Studies from our lab and others comparing vaccination strategies in both mice and humans 

have found that vaccination strategies that generate cross-reactive T cells offered superior 

protection compared to vaccines that solely focused on neutralizing antibodies310,319ï322.  T cells 

are capable of recognizing conserved internal epitopes, which are less prone to mutation than 

surface receptors on viruses, allowing for T cells to mount protective immune responses to 

heterologous infections283ï286. Further mechanistic studies in mice revealed that TRM are 

responsible for providing cross-strain protection independent of antibodies, resulting in 
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significantly reduced morbidity and mortality310,319,322; however, the mechanisms by which TRM 

activation modulates the immune response to provide robust protection to heterosubtypic infection 

is not well understood. Our goals are to gain deeper insights into the mechanisms by which 

TRM mediate optimal protection in secondary infections by dissecting how early activation of 

TRM changes the induction of the lung-localized immune response and how these changes 

ultimately result in minimal inflammation and morbidity.  

Aim 1: Elucidate the mechanisms by which TRM activation alters the lung-localized immune 

response in secondary respiratory viral infections.   

  The immune response to respiratory viral infections is typically initiated by innate immune 

effectors such as macrophages with adaptive immune recruitment beginning a few days later and 

requiring several more days to peak136. In contrast, secondary responses to infections have the 

advantageous localization of TRM already at the site of infection, circumventing the need for 

recruitment from SLO and allowing for the prompt activation of adaptive immune responses in the 

lung28,29,136. Upon activation, TRM rapidly produce effector cytokines such as IFN-ɔ within hours 

of stimulation resulting in enhanced viral clearance and protection from morbidity and 

mortality229,323. Taken together, these studies establish the role of TRM in providing immediate T 

cell-mediated protection in the lung in secondary viral infections, though the underlying 

mechanisms remain incompletely understood30,70,71,310,319ï322. It is unclear how immediate 

activation of TRM affects other immune populations to redirect the lung-localized immune response 

to produce enhanced protection. Therefore, our objective is to define the features that 

differentiate the induction of the primary and secondary immune responses to respiratory 

viral infection and determine how early activation of TRM alters the induction of the immune 

response to secondary infections. 
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  Here, using a mouse model of heterosubtypic IAV infection, we preform whole lung 

RNAseq to elucidate how early lung-localized T cell activation alters the induction of the immune 

response to primary and secondary infections. Our findings demonstrate that primary infections 

are largely coordinated by innate immune populations such as macrophages and NK cells. Primary 

infections show rapid and robust upregulation of transcriptomic programs associated with 

macrophage and NK cell activation such as type I and III IFNs, macrophage-stimulating cytokines 

such as TNF-Ŭ, IL-6, and type I IFNs, and monocyte-recruiting chemokines. In contrast, secondary 

infections displayed a comparably attenuated innate immune component and a rapid and robust T-

cell activation signature characterized by upregulation of such T-cell genes such as Tcf7, Lck, and 

Ikzf1. This T-cell activation signature was accompanied by enhanced production of the T-cell 

associated cytokines such as IL-4, IL-13, and IFN-ɔ and IL-10. Taken together, these data indicate 

that lung TRM activation in secondary responses fundamentally changes the lung-localized 

response, providing immediate T cell help and potentially regulating innate immune activation.   

Aim 2: Dissect the mechanisms for TRM-mediated protection that produces reduced inflammation, 

pathology, and morbidity.  

  Studies of respiratory viral infections in humans and mice have revealed that disease 

severity and viral clearance are more uncoupled than previously thought66,302,324. Disease severity 

in respiratory viral infections is a product of both the quality of the host immune response and 

inherent viral pathogenicity66. Some respiratory viruses, such as IAV, possess inherent virulence 

factors to suppress host immune responses2,39. Therefore, host responses must be strong enough to 

overcome these virulence factors but specific enough to minimize undesired nonspecific 

activation. Although a robust immune response is required for host protection from respiratory 

viral infections, overexuberant immune responses result in increased immunopathology leading to 
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respiratory distress, and potentially death66. Therefore, the ability to precisely regulate the immune 

response to produce an efficacious immune response that successfully balances antiviral activation 

but minimizes inflammation is integral to host survival. While these qualities perfectly describe 

the TRM-mediated immune response to secondary infections, the molecular signals that produce 

this result as well as their targets are not fully understood. Therefore, our objective is to identify 

the mechanisms by which TRM alter the lung-localized immune response to minimize 

immunopathology while maintaining viral clearance and protection in secondary respiratory 

viral infections.  

  Past work from our group and others have found that in vitro stimulation of both mouse 

and human TRM have demonstrated that in addition to producing pro-inflammatory cytokines, TRM 

produce the immunoregulatory cytokine IL-1029,70,215. Considering the crucial role that IL-10 plays 

in controlling pathology in primary respiratory viral infections158,171,325, we hypothesized that 

TRM-derived IL -10 regulates inflammatory responses in the lung while preserving viral 

clearance in secondary respiratory viral infections.  
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Chapter 2: Materials and Methods 

2.1 Mouse strains  

WT B6 (C57BL/6J; strain 000664), IL -10-GFP reporter  (B6.129S6-Il10tm1Flv/J; strain 

008379) mice were purchased from the Jackson Laboratory (Ellsworth, ME) and bred under 

specific pathogen-free conditions in a BSL2 biocontainment room at Columbia University Irving 

Medical Center (CUIMC) animal facility. IL-10-GFP reporter mice were genotyped according to 

PCR protocol from the Jackson Laboratory. Heterozygous IL-10-GFP reporter mice were used in 

all experiments where IL-10-GFP reporter mice are indicated, and mixed male and female IL-10-

GFP reporter mice were evenly distributed in all experimental groups where indicated. All animal 

studies were approved by Columbia University Institutional Animal Care and Use Committee 

(IACUC). 

2.2 Influenza virus preparation and titers 

X31 (A/HKx31, H3N2), PR8 (A/Puerto Rico/8/34, H1N1), and IBV  (B/Lee/40) were 

grown in fresh, fertilized specific pathogen-free (SPF) chicken eggs (Charles River Laboratories). 

Upon arrival, eggs were confirmed to contain viable embryos by egg candler and kept in a sterile 

incubator at 37ęC. To inoculate the eggs, a hole was made in the shell in the air space using an 18-

gauge needle, and 200ɛL of influenza virus (103-104 pfu/mL) was injected into the allantoic cavity. 

The hole was subsequently covered and returned to incubate for 2 days at 37ęC; afterwards, eggs 

were moved to 4ęC overnight. The next day, upper airspace portion of the egg was cut away to 

collect the allantoic fluid. This was then aliquoted and stored at -80C for titration.  

Cellular titration of influenza stocks was carried out in MDCK cells, an adherent kidney 

epithelial cell line that is susceptible to influenza viral infection. Virus was serially diluted five-

fold in 96-well U bottom plates in 100ɛL of Dulbeccoôs Modified Eagle Medium (DMEM) 
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supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin (P/S). 2.5 x 

104 MDCK cells in 100uL were added to each well and incubated overnight at 37ęC. The next day, 

the media was removed from the plate and replaced with fresh DMEM supplemented with 1% P/S 

and 0.0002% trypsin. After 4 days of incubation, 50ɛL of 0.5% chicken red blood cells suspended 

in PBS were added to all wells. The plates were then incubated at room temperature for 1 hour. 

Influenza virus-mediated hemagglutination of red blood cells leads to lysis of red blood cells, 

allowing for the quantification of the infectivity of viral stock. Based on the absence of a pellet in 

the well, the median tissue culture infectious dose (TCID50) was determined using the Reed-

Muench method. 

2.3 Influenza virus infection and memory mouse generation 

To prepare viral stock for infection, viral stocks were diluted in cold, sterile PBS to the 

desired dose as determined in section 2.3. WT C57BL/6J, IL-10-GFP reporter mice, or Thy1.1 

mice were anesthetized in an isofluorane chamber at flow rate of 3.5% isofluorane and 2-3% 

oxygen. After achieving the desired plane of sedation, mice were infected intranasally by 

administering 30ɛL of titrated virus. ñMemoryò mice were generated by infecting naïve mice with 

X31 or IBV at a sublethal dose (5000TCID50). Mice were monitored for morbidity and at 5 weeks 

post-infection (wkpi) when mice had fully recovered, the resulting memory mice were infected 

with the heterosubtypic IAV strain PR8 (H1N1) at 1000TCID50. For experiments comparing 

primary and secondary infections, naïve and memory were infected with the same dose of PR8. 

2.4 Lung RNA extraction 

Lung lobes (left) were dissected from mice and stored in RNAlater (Thermo Fisher 

Scientific) at 4oC until RNA extraction. Whole lung lobes were dissociated with the TissueLyser 

II (Qiagen) according to the manufacturers protocol and total RNA was purified with the 
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QIAsymphony SP (Qiagen). RNA concentration and quality was determined by Bioanalyzer 

(Agilent) or Tapestation 4200 RNA ScreenTape Assay (Agilent).  

For RT-qPCR, RNA was isolated with the RNAeasy Mini Kit (Qiagen) according to 

manufacturerôs protocol. 

2.5 Lung transcriptome profiling by RNAseq 

200ng of total RNA isolated from lung samples was enriched for mRNA using a poly-A 

pulldown and RNAseq libraries were prepared with Illumina TruSeq chemistry. Libraries were 

then sequenced by the Illumina Novaseq 6000 by the Columbia Genome Center. Pseudoalignment 

of the sequencing data was performed with Kallisto (v.0.44.0)326 with a minimum fragment length 

of 100 to mouse reference genome build GRCm39. Differential gene expression analysis was 

performed with DESeq2 (v.1.32.0)327. Genes with an adjusted p value (padj) Ò 0.05 and a fold 

change of Ó 2 were considered significantly differentially expressed. PCA plots were generated 

with DESeq2. Principle component genes were obtained through PCAexplorer (v.2.18.0)328. 

Heatmaps were generated with pheatmap (v.1.0.12) and show row-normalized rlog-transformed 

counts329. Clustering was performed by k-means clustering. Biological replicates were averaged 

for each condition and timepoint. Gene Ontology (GO) overrepresentation analysis (ORA) was 

performed with clusterProfiler (v.4.0.5)330 and mapped to GO Biological Processes database331 

(Gene Ontology, Consortium et al., 2023). Fold change of each cluster was determined by 

calculating the fold change of the sum of all genes in a cluster and normalizing each timepoint to 

baseline.  

To quantify viral reads in the RNAseq dataset, the influenza A virus (A/Puerto Rico/8/34 

(H1N1)) transcriptome were concatenated to the mouse reference transcriptome (GRCm39) and a 

pseudoalignment was performed with Kallisto (v.0.44.0) with a minimum base fragment length of 
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100. Differential gene expression analysis was performed with DESeq2 (v.1.32.0), and genes were 

considered differentially expressed if padj Ò 0.05.  

2.6 In vivo labeling, murine lung tissue processing, and flow cytometry 

Mice were injected intravenously (IV) with 2.0ɛg of anti-CD45 antibody conjugated to 

Alexa Fluor 700 (Biolegend; clone 30-F11) and after 4 minutes, mice were euthanized and lungs 

were dissected. Lungs were mechanically dissociated in gentleMACS tubes (Miltenyi) in RPMI 

supplemented with Collagenase D (Sigma), DNAse (Sigma), and Trypsin Inhibitor (Sigma). 

Samples were incubated at 37ęC on a shaker for 45 minutes, and then passed through a 70ɛM filter. 

The resulting single cell suspension was centrifuged at 500xg for 5 minutes at RT. Supernatant 

was then poured off, and the cell pellet was resuspended in 2mL of ACK lysis buffer (Gibco). 

After a 4-minute incubation at RT, the lysis was stopped by the addition of 20mL of RPMI 

supplemented with 5% FBS and 1% P/S. Samples were then centrifuged at 500xg for 5 minutes at 

RT, and then resuspended and counted in RPMI +5%FBS +1%P/S. Cells were then counted using 

the NucleoCounter NC-3000 (Chemometec). 107 cells were used for staining for each sample in a 

96-well V-bottom plate. Cells were stained for 30 minutes on ice in PBS containing 5% FBS using 

antibodies targeting extracellular markers (Table 2.1). For IL-10 (GFP) quantification, samples 

were fixed with BD Cytofix Fixation Buffer diluted to 1% formaldehyde (w/w) with PBS at RT 

for 25 minutes and then directly acquired. For intracellular staining, after initial fixation with BD 

Cytofix, samples permeabilized with FoxP3 Fixation/Permeabilization Kit (Tonbo Biosciences) 

for 30 minutes at RT. Intracellular staining was performed at for 30minutes on ice in PBS 

supplemented with 5% FBS. All samples were acquired on a 5 laser Cytek Aurora with SpectroFlo 

(Cytek), and data was subsequently analyzed using Flowjo (v.10.10.0).   
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Table 2.1: List of antibodies used for flow cytometry. 

Antigen Manufacturer  Fluorophore Clone 

Arg1 Invitrogen PE-Cy7 A1exF5 

CD101 Invitrogen PE Moushi101 

CD103 BD Biosciences BUV563 M290 

CD11b Biolegend BV750 M1/70 

CD11c BD Biosciences BUV496 N418 

CD11c Biolegend PE-Dazzle594 N418 

CD19 Biolegend Pacific Blue 6D5 

CD19 BD Biosciences BV480 1D3 

CD19 Biolegend APC 6D5 

CD3 BD Biosciences BUV395 17A2 

CD4 Biolegend APC-Cy7 GK1.5 

CD44 BD Biosciences BUV737 IM7 

CD45 Biolegend Alexa Fluor 647 104 

CD45 Biolegend Alexa Fluor 700 30-F11 

CD45 Invitrogen BUV615 30-F11 

CD62L Biolegend BV570 MEL-14 

CD69 Biolegend PE-Cy5 H1.2F3 

CD8 BD Biosciences BUV805 53-6.7 

CXCR6 Biolegend BV711 SA051D1 

F4/80 Biolegend APC-Fire810 BM8 

F4/80 Biolegend FITC BM8 

F4/80 Biolegend PE BM8 

F4/80 Biolegend BV421 BM8 

F4/80 Biolegend BV711 BM8 

F4/80 Biolegend APC BM8 

FoxP3 Biolegend Pacific Blue MF-14 

GFP Biolegend Alexa Fluor 488 FM264G 

I-A/I-E Biolegend Spark Blue 550 M5/114.15.2 

IFN  ̓ Biolegend BV421 XMG1.2 

IL10R Biolegend PE 1B1.3a 

iNOS Invitrogen Alexa Fluor 532 CXNFT 

Live/Dead  Biolegend Zombie NIR   

Ly6c Biolegend APC HK1.4 

NK1.1 Biolegend APC PK136 

NK1.1 Biolegend BV650 PK136 

TNFŬ Biolegend BV605 MP6-XT22 
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2.7 Cytokine isolation and quantification  

Bronchoalveolar lavage (BAL) samples were isolated from uninfected and infected naïve 

and memory mice at the indicated timepoints by flushing mouse lungs with 5mL of PBS. BAL 

samples were concentrated by centrifugation and quantified by Eve Technologies (Alberta, 

Canada) using Luminex xMAP technology for multiplexed cytokine quantification. Serum was 

isolated from blood by allowing it to clot at room temperature (RT) for 30 minutes, and after 

centrifugation (4 C, 10 minutes, 1000xg), the supernatant was collected for subsequent 

quantification by Eve Technologies.  

2.8 ŬIL-10R blockade 

Mice were injected intraperitoneally (IP) with 1mg of either InVivoMAb anti-mouse IL10R 

(BioXCell; clone 1B1.3A) or anti-horseradish peroxidase IgG1 isotype control (BioXCell; clone: 

HRPN) at the same time as infection. 

2.10 Viral titer determination  in infected mice (qRT-PCR)  

A standard curve was developed by extracting RNA from PR8 viral stock (previously 

tittered by using MDCK cells in 2.2) QIAamp Viral RNA mini kit (Qiagen) according to 

manufacturerôs protocol. Murine lung RNA was extracted as specified in section 2.4. Reverse 

transcription was performed from RNA using the Superscript III First Strand Synthesis kit 

(Invitrogen) according to the manufacturerôs protocol. Viral titer was determined by qPCR for 

M1/M2 PR8 RNA using the Applied Biosystems ViiA 7 (Applied Biosytems). (FW: 

GGACTGCAGCGTTAGACGCTT, RV: CATCCTGTTGTATATGAGGCCCAT).  

2.11 Lung histology and analysis 

Left lobes of mice were dissected at the indicated timepoints and fixed in 4% PFA 

overnight. Samples were processed by the Columbia University Irvine Medical Center Molecular 
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Pathology Core using the TissueTek VIP 5 Tissue Processor (TissueTek) and embedded in paraffin 

with the TissueTek Embedding Center (TissueTek). Tissue was sectioned with the Microtome 

(Leica) and hematoxylin and eosin (H&E) staining was performed using the TissueTek Slide 

Stainer (Tissuetek). Slides were scanned under 40X resolution with the Leica Aperia AT2 (Leica).  

HALO-AI software and Densely Connected Convolutional Networks (DenseNet)332 were 

employed for image analysis and development of the learning model. DenseNet, which combines 

any layer to all subsequent layers (such that the output layer receives inputs from the features of 

all previous levels), is composed of convolutional layers, pooling, batch normalization, activation 

function, transition layers, dense blocks, and a classification layer.  

Hematoxylin and eosin (H&E) stained slides (scanned at 40x) were manually annotated for 

two classes. The first class was inflammation, and the second class was background (no 

inflammatory cells). We randomly assigned 3 slides for training and validation (243 annotations) 

and 3 slides (187 annotations) for testing utilizing the DenseNet model; there was no duplication 

of slides. The algorithm was trained and evaluated for classification with a resolution value of 2 

ɛm/pixel. 

The model was evaluated using a 3-folds cross-validation with statistically powered 

measure of F1-score: defined as 2 x TP / ( 2 X TP + FP + FN ), where TP is True Positives (samples 

correctly classified as positive), FP is False Positives (samples wrongly classified as positive) and 

FN is False Negatives (samples wrongly classified as negative). The HALO-AI operator cross-

entropy rates were 0.006 for 4480  80 iterations, and the DenseNet classification F1 scores were 

overall 0.920 (95% CI 0.915 ï 0.925), inflammation 0.875 (95% CI 0.868 ï 0.881) and background 

0.965 (95% CI 0.969 ï 0.962).  
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The DenseNet model developed randomly analyzed all cases and assigned inflammation 

area to each slide. In addition, the entire tissue area for each case was computed using HALO-AI.  

2.12  In vitro stimulation of lung T cells 

Lung cells were isolated as described in section 2.7, and 106 cells plated were co-cultured with 

25ɛL of Dynabeads Mouse T-Activator CD3/CD28 beads (Gibco) in 200ɛL of RPMI 

supplemented with 10% FBS and 1% P/S for 2 days. IL-2 (30 U/mL, Peprotech) and IL-10 (50 

U/mL, Peprotech) were supplemented where indicated.  

2.13 Activation-Induced Marker (AIM) assay, CITE -Seq, and data analysis  

Mononuclear cells were isolated from blood of living subjects collected through an 

approved Columbia University Institutional Review Board protocol and blood, spleen, lung, and 

lung-draining lymph node of organ donors in collaboration with LiveOnNY, the organ 

procurement organization for the NY metropolitan area. Cells were rested overnight, stimulated 

with Flu peptide megapools or control DMSO for 24 hours, and resting and flu-reactive CD4+ and 

CD8+T cells were sorted, as previously described (Table 2.2)333,334. Sorted single cell suspensions 

from 6 healthy subjects and 6 organ donors were prepared for Cellular Indexing of Transcriptomes 

and Epitopes (CITE-Seq) using the 10x Genomics pipeline as described334, and alignment, quality 

control, cell classification using MultiModal Classifier Hierarchy335 and clustering and UMAP 

generation were performed as previously described334. Human protein coding genes with murine 

orthologs (using BioMart 336) were converted from AnnData to SingleCellExperiment using 

zellkonverter v1.10.1 and raw counts were pseudo-bulked for each sample (donor, tissue, and 

stimulation condition) with at least 25 cells using Dreamlet v1.3.1 aggretateToPseudoBulk. 

Differential expression of genes with at least 5 total counts in at least 40% of samples was 

performed between unstimulated T cells and flu-reactive T cells using linear mixed modelling, 
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with donor-identity and tissue-source as random effects; precision weights for the model were 

estimated using dreamlet::processAssays. Differentially expressed genes were ranked by log2(fold 

change) and gene set enrichment analysis (GSEA; GSEAPY v1.1.3) was used to analyze the 

statistical enrichment of mouse secondary response profiles among the human flu-reactive T cell 

responses. The top 500 genes with human homologs differentially expressed between day 0 and 

day 3 from the entire secondary response or from the ñT cell activationò cluster were used as gene 

sets for GSEA. To analyze the co-expression and mutual exclusivity of IL10 and other genes in 

AIM + cells, we calculated the log-transformed ratio of the joint probability of detecting the two 

genes in the same cell to the product of their marginal detection probabilities, as previously 

described for transcription factors337  R values were calculated within individual donors with >10 

IL10 expressing cells (n=4) for all protein coding genes expressed in >80 cells across the entire 

AIM + dataset. Transcripts with positive R values across all 4 comparisons indicate co-expression, 

and transcripts with negative R values across all 4 comparisons indicate mutual exclusivity beyond 

what would be expected by chance. To display this analysis we plotted the log normalized 

expression (log2(counts*1000/total_counts+1) of each gene vs R for all genes where all 4 

comparisons resulted in an R value with the same sign. Visualization was performed using ScanPy 

v1.9.3 and bioinfokit v2.1.3 functions and statistics were performed using Scipy.stats v1.11.1 in 

Python v3.9.12. 
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Table 2.2: List of antibodies used for AIM CITE-Seq 

Antigen Manufacturer  Fluorophore Clone 

CD134 (OX40/TNFRSF4) R&D Systems 
Alexa Fluor 

488 
1E+06 

CD19 Tonbo PerCP-Cy5.5 HIB19 

CD137 (4-1BB) BioLegend PE 4B4-1 

CD25 BioLegend BV605 M-A251 

CD3 BioLegend BV650 OKT3 

CD4 BioLegend PE-Cy7 OKT4 

CD45 BioLegend 
Alexa Fluor 

700 
HI30 

CD8 BioLegend APC RPA-T8 

Fixable Viability Dye ThermoFisher eFluor480   

Streptavidin BioLegend BV421   

TotalSeq ïC0251 anti-human hashtag 1 BioLegend     

TotalSeq ïC0251 anti-human hashtag 2 BioLegend     

TotalSeq ïC0251 anti-human hashtag 3 BioLegend     

TotalSeq ïC0251 anti-human hashtag 4 BioLegend     

TotalSeq ïC0251 anti-human hashtag 5 BioLegend     

TotalSeq ïC0251 anti-human hashtag 6 BioLegend     

TotalSeq ïC0251 anti-human hashtag 7 BioLegend     

TotalSeq ïC0251 anti-human hashtag 8 BioLegend     

TotalSeq ïC0251 anti-human hashtag 9 BioLegend     

TotalSeq ïC0251 anti-human hashtag 10 BioLegend     

TotalSeq ïC0251 anti-human hashtag 12 BioLegend     

TotalSeq ïC0251 anti-human hashtag 13 BioLegend     

TotalSeq ïC0251 anti-human hashtag 14 BioLegend     

TotalSeq ïC0251 anti-human hashtag 15 BioLegend     

TotalSeq ïC0251 anti-human hashtag 16 BioLegend     

TotalSeq ïC Human Universal Cocktail, 

V1.0 
BioLegend     
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2.14 Statistical Analysis 

Survival experiments were analyzed using Mantel-cox test for survival and 2-way ANOVA 

for weight loss in GraphPad Prism (v.9.3.1). Statistical analysis of bulk RNAseq data was 

performed with DeSeq2 (see 2.5). The Wald test was used to determine statistical significance for 

differential gene expression analysis in RNAseq data. GO enrichment analysis was performed with 

ClusterProfiler in R and statistical significance was determined by Wilcoxan Rank-Sum test. 

Statistical significance for relative fold-change of gene clusters was determined by 2-way ANOVA 

with GraphPad Prism. For quantification and analysis of longitudinal cytokine expression data in 

BAL, statistical significance was calculated by 2-way ANOVA in GraphPad Prism (v.9.3.1). 

Statistical analyses and visualization for flow cytometry data was performed with GraphPad Prism 

(v.9.3.1). Longitudinal data was analyzed with 2-way ANOVA whereas analyses of multiple 

parameters within a single timepoint was performed with repeated measures (RM) one-way 

ANOVA. Comparisons of two groups were performed with the studentôs unpaired t-test, except 

3.10E which used the studentôs paired t-test as comparisons were drawn across stimulation 

conditions derived from the same biological mouse. For CITE-Seq analysis, differential expression 

was performed using Dreamlet (v1.3.1) and GSEA was performed using GSEAPY (v1.1.3). 

Statistically significantly enriched coexpressed genes alongside IL10 was determined by 

Scipy.stats (v1.11.1) and visualization was performed with ScanPy (v1.9.3) and bioinfokit (v2.1.3).  

Multiple testing correction in 2-way ANOVA comparisons was corrected with Ġid§kôs 

multiple test correction. All studentôs t-tests (unpaired and paired) were two-tailed comparisons. 

RM one-way ANOVA test correction was performed with Geisser-Greenhouse correction with 

Dunnettôs multiple comparisons test with individual variances for each comparison.  
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Specific details of which statistical tests were used for each panel as well was significance 

cutoffs are included in each figure legend. In general, ****, p Ò 0.0001; ***; p Ò 0.001; **, p Ò 

0.01; *, p Ò 0.05; except for Figure 3.12, for which * p<0.0001.  
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Chapter 3: Lung tissue resident memory T cells (TRM) coordinate 

optimal protection through IL -10 regulation of innate immunity  

Chapter adapted from: 

Alexander Y. Yang, Julia Davis-Porada, Daniel H. Paik, Alex B. George, Paige L. Ruschke, Peter 

A. Sims, Ziv Frankenstein, Anjali Saqi, and Donna L. Farber. Lung tissue resident memory T cells 

optimize protection by IL-10 regulation of innate immunity. Journal of Experimental Medicine (in 

review).  

 

Respiratory viral infections establish tissue resident memory T (TRM) cells in the lung, 

which provide optimal protection against infectious challenge, though the underlying mechanisms 

remain incompletely understood. Here, using a mouse model of heterosubtypic influenza infection, 

we demonstrate that the lung-localized secondary immune response exhibits an attenuated innate 

immune response compared to the primary response due to TRM-mediated production of the 

immunoregulatory cytokine IL-10. Using reporter mice, we identify that lung TRM are the 

predominant producers of early IL-10 in response to viral challenge. Inhibition of early IL-10 

signaling in secondary infections results in increased morbidity and lung pathology, and reveals 

pleiotropic effects of IL-10 in regulating macrophage inflammation and enhancing IFN-g 

production by memory CD8+T cells. Human influenza-specific TRM isolated from lungs 

recapitulate robust IL-10 expression associated with augmented effector responses of murine TRM. 

These data support a dual role for TRM in coordinating in situ secondary responses - augmenting 

effector responses for robust viral clearance while dampening inflammation to limit tissue damage.  
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3.1 Introduction  

Respiratory viruses such as SARS-CoV-2, which caused the recent pandemic, and endemic 

influenza A viruses (IAV) pose a constant threat to human health due to their high mutation rate, 

allowing for the emergence of increasingly infective and pathogenic strains. Both SARS-CoV-2 

and IAV typically infect non-immune cells such as epithelial cells, which subsequently activate 

alveolar macrophages to produce inflammatory cytokines338,339. This inflammatory response is 

essential for immune cell recruitment and activation of adaptive immunity to resolve the infection; 

however, pathogenic strains or dysregulated immunity can trigger severe complications such as 

acute respiratory distress syndrome (ARDS) and systemic inflammation, also referred to as a 

cytokine storm 66,340,341. Defining mechanisms involved in optimizing protection ï i.e., promoting 

rapid viral clearance while minimizing lung damage ï is therefore important for preventing and 

treating multiple types of respiratory viruses that may seed future pandemics.  

T cell activation to respiratory virus infection occurs in the lung-associated lymph nodes 

(LN) and results in differentiation of virus-specific effector CD4+ and CD8+T cells which play 

important roles in lung viral clearance. CD4 T cells mediate heterogeneous helper and effector 

roles in promoting B cell responses, CD8 T cell differentiation, and viral clearance in the lung via 

direct effector function 342,343. CD8+T cells that are recruited to the lung during a primary infection 

mediate protection through direct cytolytic and effector functions, but also can dampen lung 

inflammation through production of the regulatory cytokine, IL -10 158. In primary responses to 

SARS-CoV-2, T cell recruitment to the lung was further associated with reduced lung damage and 

mortality in COVID-19 292,344,345. However, our understanding of mechanisms for control of lung 

inflammation during infection in mouse models is largely based on primary responses to new 

viruses, while human immune responses more often reflect repeated viral challenges and recall 
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responses by memory T cells. In this context, the extent of lung inflammation and mechanisms for 

controlling recurrent respiratory infections are less clear.   

Memory T cells generated to respiratory infections are heterogeneous and comprise 

circulating effector-memory T cells (TEM), which surveil through blood and tissues, and non-

circulating tissue resident memory T cells (TRM), retained in the lungs and associated lymphoid 

organs in mice and humans 221,346. In mice, lung TRM mediate robust cross strain protection to 

different IAV strains through multiple mechanisms including rapid effector cytokine production 

and enhanced immune cell recruitment from the periphery and local LN 30,211,222,323,347. 

Importantly, lung TRM mediate enhanced viral clearance with less morbidity compared to 

circulating TEM cells 221,310, though the mechanisms for the enhanced protection by lung TRM 

remain unclear. 

Here, we use a mouse model of heterosubtypic IAV infection to elucidate the lung immune 

response to secondary challenge and the role of TRM in modulating lung inflammation and 

promoting tissue protection. We show that at early timepoints (1-3 days) post-infection, primary 

responses are marked by rapid induction of IFN-stimulated and innate cytokine pathways in the 

lung, while secondary responses had an attenuated innate response coincident with upregulation 

of genes for multiple T cell-mediated effector cytokines and the immunoregulatory cytokine IL-

10. Using IL-10-GFP reporter mice, we identified lung TRM as the principal producers of IL-10 in 

secondary infections at early timepoints and that lung macrophages express the highest levels of 

IL -10R. Inhibition of IL-10 signaling in secondary infections results in enhanced macrophage 

activation and inflammation, and decreased CD8+T cell recruitment and effector function. We 

further show that human influenza-specific TRM from lungs and associated lymph nodes are the 

predominant producers of IL-10, which is associated with enhanced effector function. Together, 
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our findings reveal a conserved function for lung TRM as dual producers of effector and regulatory 

cytokines to coordinate optimal protection and limit collateral tissue damage.  
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3.2 Results  

Attenuated innate immunity and enhanced T cell immunity in the lung-localized secondary 

response to influenza challenge 

To investigate T cell-mediated, lung-localized secondary responses to respiratory viruses, 

we used a heterosubtypic model of influenza infection 348 in which mice infected previously with 

one serotype of influenza (X31, H3N2) are challenged 5-6 weeks later as ñmemoryò mice with a 

disparate (heterosubtypic) strain of IAV (PR8,H1N1). Primary infection controls were naïve mice 

infected with PR8 (Figure 3.1A). In the secondary response, memory mice exhibited enhanced 

protection to PR8 infection relative to the primary response manifested by increased survival, 

faster recovery, and reduced weight loss morbidity (Figure 3.1A-B), consistent with previous 

studies 30,347,349,350.  

  We hypothesized that events occurring early in the lungs during the primary and secondary 

response were driving the distinct morbidity and recovery at later times. For an unbiased 

assessment of lung-localized immune responses, we performed RNAseq on whole mouse lungs 

from naïve and memory mice at baseline (day 0) and 1-3 days post infection (dpi)ðtimepoints 

prior to the markedly divergent weight loss in primary versus secondary infections (Figure 3.1C). 

Principal component analysis (PCA) of the RNAseq data revealed distinct clustering between 

samples obtained from naïve and memory mice at baseline and 1dpi compared to later times 2-

3dpi along PC1, and between the respective primary and secondary responses along PC2 (Figure 

3.2A). Genes varying along the infection axis (PC1) include interferon-stimulated genes (ISGs) 

(Mx1, Mx2, Oas2, and Ifit2) and inflammatory genes (Tnf, Ifnl2, Ifnl3, Il6, Tlr7, and Btk) (Figure 

3.2A-B, and Table A.A1), while genes distinguishing primary and secondary responses (PC2) are 

associated with adaptive immunity, including multiple immunoglobulin genes and genes 
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associated with T-cell activation (Ctla4, Ifng, Runx3, Eomes, CD3e) as determined by Gene 

Ontology (GO) analysis (Figure 3.2A-B, and Table A.A1). These results indicate that key sources 

of variation in the RNAseq results were due to the timepoint of infection and the nature of the 

immune response as primary or secondary.  

We performed differential expression analysis for the RNAseq results for each infection 

timepoint compared to uninfected naïve and memory lung samples, revealing 5 distinct gene 

clusters (C1-C5) that are differentially expressed between primary and secondary responses over 

time (Figure 3.3A). Cluster 1 (antiviral response) contains multiple ISGs (Mx1, Ifit2, and Oas2), 

type I and III interferons (Ifna1, Ifnb1, Ifnl2), and inflammatory cytokines (Il1a, Il6) that are 

upregulated more rapidly and to a greater extent at early times in the primary compared to the 

secondary response (Figure 3.3A-C). Cluster 2 (innate immunity) comprises genes enriched for 

innate cell activation (Klri2, Il18, Cd84, Ccr1) and inflammasome activation (Casp, Cgas) that are 

upregulated to a greater extent at 1 and 3 dpi in the primary compared to the secondary response. 

Cluster 3 (T cell activation) has genes associated with T cell activation (Ifng, Il10, Il2rg, Btk, Ikzf1, 

Tcf7, and Lck) that are specifically upregulated in the secondary but not primary response (Figure 

3.3A-C). Clusters 4 and 5 are associated with metabolism/mitochondrial function (Nd1, Nd2, 

Cox1, Cox2, Cytb) and cell structure/tissue organization (Dnai2, Dnah9, Cfap43, Ttl11, Invs), 

respectively, and are downregulated following infection in both primary and secondary responses, 

consistent with infection-induced structural changes to the lung 351ï353.  

To assess whether differences in immune activation at these early timepoints resulted from 

different viral loads we quantified viral gene expression from the RNAseq data (see 2.6). There 

were no significant differences in the level of virus gene transcripts in the lung at 1-2dpi for 

primary versus secondary infection, though we observed slightly lower viral transcripts encoding 
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polymerase genes (PB1,2) at 3dpi in the secondary response (Figure 3.3D). These results indicate 

that the major transcriptomic differences between the primary and secondary immune response at 

1-2dpi cannot be attributed to viral burden. Together, this integrated gene expression analysis of 

lung responses reveals more rapid induction and elevated innate immunity in the primary 

compared to the secondary response, while the secondary response is associated with enhanced T 

cell activation and attenuated innate immunity.  
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Figure 3.1: Enhanced protection in secondary heterologous respiratory viral infections. 

Naµve and ñmemoryò (mice that were previously infected with X31 (H3N2)) WT C57BL6/J mice 

were challenged with PR8 (H1N1) influenza virus to assess primary and secondary immune 

responses, respectively. (A) experimental schematic (B) Survival curve and (C) Weight loss 

morbidity of mice undergoing primary (red) and secondary (blue) infection, compiled from 2 

independent experiments (n=22-25 mice/group). Statistical significance was determined by 

Mantel-Cox test (survival) and 2-way ANOVA (weight loss). ****, p  Ò 0.0001; ***; p Ò 0.001; 

**, p Ò 0.01; *, p Ò 0.05.  
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Figure 3.2: Unique induction of the primary and secondary immune responses to infection.   

RNAseq was performed on whole-lung samples of naïve and memory mice at baseline (uninfected, 

ñ0dpiò) and 1-3 days post-infection (dpi) for 4-5 mice per group, compiled from two independent 

experiments. (A) Principal Component Analysis (PCA) plot depicting the stratification of samples 

based on the top 500 differentially expressed genes. (B) Top 10 enriched pathways from PC1 and 

PC2 as determined by Gene Ontology. Statistical significance was calculated by Wilcoxon Rank-

Sum test. 
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Figure 3.3: Distinct features of the lung-localized immune responses to primary and 

secondary infections.  

(A) Heatmap showing significantly differentially expressed genes (padj Ò0.05, fold change (FC) 

Ó2) comparing each infected timepoint to either naµve or memory uninfected controls (0dpi) and 

grouped by k-means clustering, delineating 5 clusters (C1-C5). Each column represents the 

average of 4-5 biological replicates for each condition and timepoint. Statistical significance was 

calculated by the Wald test. (B) Graphs show top 5 enriched gene ontology pathways from C1-C5. 

Select genes from each cluster are labeled on the right. Statistical significance was calculated by 

Wilcoxon Rank-Sum test. (C) Fold-change expression (mean±sd) of genes induced within each 

cluster in the primary (red) and secondary (blue) response relative to baseline. Statistical 

significance was determined by 2-way ANOVA. (D) Quantification of influenza-specific genes 

encoding hemagglutinin (HA), nucleoprotein (NP), and polymerase (PB1 and PB2) proteins in 

primary (red) and secondary (blue) infections extracted from lung RNAseq data (see 2.6). Line 

graphs are presented as mean ±sd. Statistical significance was calculated by the Wald test. ****, 

p Ò 0.0001; ***; p Ò 0.001; **, p Ò 0.01; *, p Ò 0.05.   
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Distinct lung cytokine profiles in primary versus secondary responses 

We further examined the major pathways that differed between the primary and secondary 

immune responses, which largely comprised genes encoding cytokines and chemokines and their 

signaling pathways (Figure 3.4A). Genes with greater expression in the primary compared to the 

secondary response included multiple Type I and III IFNs (Ifna1, Ifnb1, Ifnl2, Ifnl3) and key 

macrophage-derived cytokines and chemokines 354 (Il1b, Il6, Ifnb1) and showed peak expression 

at 2dpi, decreasing by 3dpi (Figure 3.4A-B). By contrast, genes upregulated in the secondary 

relative to the primary response were associated with T cell activation - also exhibiting peak 

expression at 2dpi - and included cytokines associated with T helper-2 (Th2) and T-follicular 

helper (Tfh) cells (Il13, Il21, Cxcl9), Th1 cells (Il2, Ifng, Lta) and immunoregulation (Il10) (Figure 

3.4A and C). We assessed cytokine content in bronchoalveolar lavage (BAL) samples which 

confirmed the distinct cytokine profiles and kinetics revealed by RNAseq (Figure 3.4D-E). The 

primary response showed elevated levels in BAL of Type I IFNs, IL-1Ŭ, IL-6, TNF-Ŭ, and GM-

CSF compared to the secondary response, which in turn had enhanced production of T cell-derived 

cytokines (IFN-g, IL-13, IL-22) compared to the primary response (Figure 3.4D-E). These results 

show striking differences in immune mediator expression in the lungs during a primary and 

secondary response, including a significantly reduced innate immune response in previously 

infected lungs.   
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Figure 3.4: Lung cytokine profiles are predominantly innate-derived in the primary and T 

cell-derived in the secondary response.  

(A) Differential expression of cytokine genes between the primary and secondary immune 

responses based on results from Fig. 3.3 (padj Ò0.05, fold change Ò 2) shown in a heatmap grouped 

by k-means clustering. Each column represents the average of 4-5 biological replicates for each 

condition and timepoint. (B) Relative expression of cytokine genes (mean±sd) that were more 

extensively upregulated in the primary (red) compared to secondary (blue) response over time 

post-infection. Statistical significance was calculated by Wald test using DeSeq2. (C) Similar to 

(B) showing relative expression of cytokine genes enriched in the secondary (blue) compared to 

primary (red) response. (D-E) Cytokine protein content in the BAL expressed as mean 

concentration ±sd grouped by those enriched in the (D) primary versus (E) secondary response 

compiled from 2 independent experiments (n = 7-13 mice per condition and timepoint). Statistical 

significance was determined by a 2-way ANOVA; ****, p Ò 0.0001; ***; p Ò 0.001; **, p Ò 0.01; 

*, p Ò 0.05.  
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Early IL -10 production by lung TRM cells to secondary challenge with influenza  

We hypothesized that the immunoregulatory cytokine IL-10, which was exclusively 

upregulated in the secondary response at early times post-infection, may play a role in dampening 

innate immunity and inflammation during the secondary response. However, IL-10 protein, known 

to be secreted in small amounts 158, was not detected in the BAL, requiring a more targeted 

approach to assess its expression and role in infection. We therefore used an IL-10 GFP reporter 

mouse strain (IL-10 IRES GFP-enhanced reporter[tiger]) 355, which enables in vivo identification 

of IL-10-producing cells based on GFP expression. Consistent with our RNAseq results, we saw 

a marked increase in IL-10 production by CD45+ cells in mouse lungs during the secondary 

compared to the primary response (Figure 3.5A). T cells were the primary source of IL-10 in the 

secondary response, with other immune cells producing significantly lower amounts (Figure 3.5B, 

see Figure 3.6 for gating strategy). While both CD4+ and CD8+T cells produced IL-10 in secondary 

responses, CD8+ exhibited a greater upregulation relative to baseline (~26.5-fold) compared to 

CD4+ (~4-fold) T cells (Figure 3.5C).  

To determine whether IL-10 derived from circulating or tissue resident T cells in the lung, 

we intravenously (IV) administered mice with fluorescently labeled anti-CD45 antibody to 

distinguish circulating T cells which bind antibody (CD45(IV)+) from those resident in the lung, 

which are protected from labeling (CD45(IV)-) 220ï222. IL-10 was predominantly produced in the 

secondary response (compared to negligible IL-10 detected in the primary response) by CD45(IV)- 

CD4+ and CD8+T cells (Figure 3.5D-E), indicating their localization in the lung niche 222. 

Moreover, these IL-10-producing lung T cells expressed multiple TRM markers, including CD69, 

CD44, and CXCR6 (Figure 3.5F), the latter marker being associated with lung homing 356. CD103, 

a canonical marker expressed by CD8+TRM in epithelial sites including lungs 29,222,357, was 
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expressed by a low proportion of IL-10-producing CD8+ (and CD4+) T cells (Figure 3.5F), 

suggesting that IL-10 is produced by a subset of TRM cells. In addition, only a small portion (~10%) 

of IL-10-producing CD4+T cells expressed FoxP3 (Figure 3.5F), a lineage defining marker for 

Treg cells 358. These findings demonstrate that CD8+ and CD4+TRM cells (and not Tregs) are the 

major source of early IL-10 production in lung secondary responses to influenza challenge.  
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Figure 3.5: Lung TRM are predominant producers of IL-10 in the secondary response. 

Naïve and memory IL-10-GFP reporter mice were challenged with PR8 influenza virus and lungs 

were analyzed 2-3 days post-infection (dpi). Data are representative of 3 independent experiments 

(n = 10-15 per condition).  (A) IL -10(GFP) production by total CD45+ lung immune cells in the 

primary response (red) or secondary response (blue) at 0dpi (uninfected baseline) and 3dpi shown 

in representative flow plots cytometry plots (left) and graphs showing compiled mean 

frequency±sd (top right) and mean absolute numbers±sd (lower right) from 3-6 mice. Statistical 

significance was determined by 2-way ANOVA. (B) Immune composition of CD45+IL10(GFP)+ 

cells in the secondary response at 2-3dpi expressed as mean±sd from 4-6 mice. Statistical 

significance was determined by one-way ANOVA. (C) IL -10(GFP) production by lung CD4+ (top, 

green) and CD8+ (bottom, orange) at baseline in memory mice (0dpi) and 3dpi shown in 

representative flow cytometry plots (left) and as number of IL-10+ cells (mean±sd) (upper right) 

and fold change at 3dpi relative to baseline (lower right) from 3-6 mice. Statistical significance 

was determined by the studentôs paired t-test. (D) IL -10(GFP) expression by circulating and tissue 

resident T cells. Fluorescently-labeled anti-CD45 antibody was administered intravenously to 

differentiate circulating (CD45(IV)+) and tissue-localized (CD45(IV)-) cells. IL-10(GFP) 

expression by lung CD4+ (top) and CD8+ (bottom) T cells in primary infection (red) and secondary 

infection (blue) at 0 and 3dpi shown in representative flow cytometry plots. (E) Frequency (left) 

and absolute numbers (right) of IL-10(GFP)+ cells within the CD45(IV)+ and CD45(IV)- fractions 

of lung CD4+ (top) and CD8+ (bottom) T cells determined as in (D). Statistical significance 

determined by 2-way ANOVA. (F) Expression of TRM and Treg markers by IL-10+ and IL-10- 

CD4+ (green) and CD8+ (orange) T cells in the lungs. Columns represent mean values and error 

bars indicate standard deviation. ****, p Ò 0.0001; ***; p Ò 0.001; **, p Ò 0.01; *, p Ò 0.05.  



99 

 

 

Figure 3.6: Gating strategy for the identification of IL10+ populations and subsets. 

 (A) Gating strategy used for Figure 3.5 for the identification of T cells, CD4+ T cells, CD8+ T 

cells, B cells, macrophages, natural killer (NK) cells, conventional type 1 dendritic cells (cDC1), 

and conventional type 2 dendritic cells (cDC2).  
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Macrophages are optimal targets for IL-10 signaling in the lung secondary response 

We examined the expression of IL-10 receptor (IL-10R) on lung immune cells to identify 

potential targets of IL-10 signaling. Importantly, lung macrophages expressed the highest level of 

IL -10R relative to other immune cell subsets including NK cells and B cells which expressed low 

levels of IL-10R (Figure 3.7A-B). Nearly all macrophages expressed IL-10R, accounting for the 

majority (~51%) of IL-10R expressed by lung immune cells (Figure 3.7A-B). To assess whether 

macrophages exhibited distinct functions in primary and secondary responses that could indicate 

effects of IL-10, we measured macrophage derived cytokines at early times post-infection in 

primary and secondary responses. In the primary response, macrophages produced substantial 

amounts of TNF-a at 3dpi, which was significantly reduced in frequency and magnitude in the 

secondary response (Figure 3.7C-D). This reduced macrophage inflammation in the secondary 

compared to the primary response is consistent with lower levels of TNF-a in the BAL in 

secondary versus primary infection (Figure 3.4D), and that the major inflammatory cytokines in 

the lungs are associated with macrophage activation. These findings show that IL-10 secretion in 

the secondary lung response to viral challenge correlates with reduced production of inflammatory 

cytokines by macrophages, suggesting macrophages as targets for IL-10-mediated regulation.  
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Figure 3.7: Biased IL-10R expression by lung macrophages. 

(A) IL-10R expression by immune cells in the lungs of memory mice shown as representative flow 

cytometry plots. (B) Quantification of IL-10R expression by lung immune cells in memory mice 

shown as MFI for each lineage (left), percent IL-10R+ for each lineage (middle), and the lineage 

composition of total IL-10R+ cells in the lungs (right). Data are compiled from 3 independent 

experiments (n=12 mice). Boxes indicate interquartile range with a line drawn at the mean; 

whiskers indicate the minimum and maximum values. Statistical significance was determined by 

one-way ANOVA. (C) TNF-Ŭ production by lung macrophages in the primary (red) or secondary 

(blue) response shown in representative flow cytometry plots of intracellular cytokine staining 

(left, numbers denote percent TNF+) and MFI at 3dpi compiled from 3-4 mice/group (right). 

(D)Kinetics of macrophage-derived TNF-a production determined by intracellular cytokine 

staining. Graphs show percent and numbers of TNF-a+ lung macrophages. Statistical significance 

for MFI analysis was determined by the studentôs t-test, and for quantification of TNFŬ+ 

macrophage kinetics by 2-way ANOVA. ****, p Ò 0.0001; ***; p Ò 0.001; **, p Ò 0.01; *, p Ò 

0.05.  
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Early IL-10 signaling attenuates lung inflammation by modulating macrophage function  

To specifically interrogate the role of early IL-10 signaling in secondary responses, we 

administered anti-IL-10R blocking antibody (ŬIL-10R) or an IgG isotype control in memory mice 

at the time of heterosubtypic infectious challenge (Figure 3.8A). Mice treated with ŬIL-10R 

exhibited increased weight loss morbidity reaching a nadir at 4dpi and delayed recovery at 5-6dpi 

relative to control mice who lost less weight overall and recovered starting at 4 dpi (Figure 3.8B). 

This morbidity difference was not due to viral load which was similar at all timepoints between 

ŬIL-10R-treated compared to control mice, including at peak times (4dpi, Figure 3.8C). We further 

investigated whether inhibiting IL-10 signaling led to increased lung inflammation by histological 

analysis of lung samples after the resolution of infection (2-5 weeks post-infection (wkpi)). Lungs 

of influenza-challenged memory mice treated with ŬIL-10R demonstrated increased immune cell 

infiltration forming larger inflammatory lesions and a greater total area of inflammation at 2wkpi 

(Figure 3.8D-E), which was resolved by 5wkpi. Taken together, these results demonstrate that 

early IL-10 signaling in the lung in secondary responses controls inflammation and morbidity 

while maintaining viral clearance.  

To understand how early IL-10 reshapes lung secondary responses, we performed RNAseq 

on lungs of mice undergoing secondary challenge with or without ŬIL-10R blockade at 2dpi. 

Inhibition of IL-10 signaling resulted in a few highly specific changes in lung gene expression 

including downregulation of genes associated with M2-like macrophages (Ccl24, Chil4 (Ym2), 

Arg1)359ï361 (Figure 3.9A). Consistent with gene expression data, we found reduced expression of 

Arg1 in lung macrophages by flow cytometry and decreased concentration of CCL24 in the BAL 

of ŬIL-10R versus control mice (Figure 3.9B-C). Together, these data suggest that IL-10 signaling 

alters macrophage polarization towards a regulatory M2-like phenotype.  
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Concurrently, inhibition of IL-10 signaling caused an early upregulation at 3dpi of BAL 

cytokines associated with innate-immune activation, such as the neutrophil chemoattractant 

CXCL5 (LIX), the monocyte chemoattractant MCP-1, and the macrophage-stimulating cytokine 

M-CSF (Figure 3.9D). This increase in the monocyte-recruiting and macrophage-stimulating 

cytokines at 3dpi preceded an increase in lung macrophages at 4dpi (Figure 3.9E). The expanded 

macrophage population exhibited an inflammatory M1-like profile 362 including a CD11b+Ly6C+ 

phenotype and increased expression of inducible nitric oxide synthase (iNOS) and inflammatory 

cytokines (TNF-Ŭ and IFN-ɔ) (Figure 3.9F). This enhanced inflammatory profile under IL-10 

blockade is consistent with our findings of elevated TNF-a production in the primary (versus 

secondary) response when IL-10 production is lacking (Figure 3.7C-D). Taken together, these 

findings indicate that IL-10 signaling in secondary responses plays a critical role in minimizing 

lung inflammation through direct effects on macrophage function. 
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Figure 3.8: Inhibiting IL -10 signaling in the secondary response enhances lung 

inflammation. 

 (A) Schematic for IL-10 receptor blockade during secondary infection. Memory mice were treated 

with anti(a)-IL-10R or isotype control antibody at the time of secondary heterosubtypic influenza 

challenge.  (B) Weight loss morbidity (mean±sd) throughout the course of infection for mice 

treated with ŬIL-10R (purple) or IgG isotype control (blue). Data are compiled from 3 independent 

experiments (n=28-29 mice/group). Statistical significance was determined by 2-way ANOVA. 

(C) Quantification of lung viral titers at indicated days post-infection (dpi). Data are representative 

of 2 independent experiments (n=9 mice/group). Statistical significance was determined by 2-way 

ANOVA. (D) Lung histopathology from mice undergoing secondary infection treated with either 

IgG isotype control (left) or ŬIL-10R antibody (right) shown in representative H&E-stained 

images. (E) Quantification of lung inflammation from images (see 2.11) by average lesion size 

(left) and percent tissue inflammation (right) at 2 weeks and 5 weeks post-infection (wkpi). Data 

are representative of 3 experiments (n=14-18 mice at 2wkpi and n=9-10 mice at 5wkpi). Statistical 

significance was determined by the studentôs t-test. ****, p Ò 0.0001; ***; p Ò 0.001; **, p Ò 0.01; 

*, p Ò 0.05; ns, not significant. 
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Figure 3.9: Blocking IL -10 signaling alters macrophage polarization and promotes 

inflammatory functions. 

(A) Differentially expressed genes (padj Ò0.05, fold change Ó2) in the lungs of IgG control or aIL-

10R-treated mice (see methods) sampled at 2 dpi; gene expression is shown relative to lungs of 

uninfected memory mice (Uninf.). Each column represents the average biological replicates (n=3-

4 mice) for each condition and timepoint. Statistical significance was determined by the Wald test 

using DeSeq2. (B) Arg1+ expression in lung macrophages from control- or aIL-10R-treated mice 

at indicated times post-infection shown in representative flow cytometry plots (left, 5dpi) and 

compiled results from individual mice (right). (C) CCL24 levels and (D) other macrophage-

derived cytokine levels in the bronchoalveolar lavage (BAL) fluid of control or aIL-10R-treated 

mice undergoing secondary infection. (E) Lung macrophage content in control- or aIL-10R-treated 

mice from 2-5dpi. (F) Expression of inflammatory phenotypic markers by lung macrophages at 

indicated times post-infection shown in representative histograms at 4dpi (left) and graphs of 

compiled kinetic data (right).  Data in (B-F) are representative of 2 independent experiments (n=9 

mice/group).  Statistical significance was determined by 2-way ANOVA. ****, p Ò 0.0001; ***; 

p Ò 0.001; **, p Ò 0.01; *, p Ò 0.05.  
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IL-10 signaling augments CD8+T cell responses  

In addition to its immunoregulatory functions, IL-10 can also promote effector functions in NK, 

B, and T cells 363ï366. Our results showed increased expression of genes relating to lymphocyte 

activation in lungs of aIL-10R compared to control mice (Figure 3.9A), prompting further 

investigation of T cell responses. In aIL-10Rïtreated mice, there was a marked reduction in the 

proportion of CD8+T cells compared to control mice at 4dpi, while the proportion of CD4+T cells 

and other lymphocyte lineages was unchanged (Figure 3.10A). This reduction in CD8+T cells was 

due to lower frequencies of both TEM (CD44+CD62L+) and TRM (CD44+CD69+) subsets and a 

concomitant increase in naïve- CD8+T cells (CD44-CD62L+) (Figure 3.10B and Figure 3.11A). 

Lung CD8+TEM and TRM cells also exhibited lower IFN-g production in aIL-10R-treated versus 

control mice (Figure 3.10C), also confirmed by the lower levels of secreted IFN-ɔ in the BAL 

(Figure 3.10D). The effects on CD8+T cell activation resulted from direct IL-10 signaling, as 

demonstrated by ex vivo assays showing augmented IFN-ɔ production by lung CD8+T cells 

stimulated in the presence of IL-10 (Figure 3.10E). Thus, early IL-10 signaling in secondary 

infections alters CD8+T cell differentiation, activation, and functional capacity.  
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Figure 3.10: IL -10 signaling in recall responses promotes CD8+ T cell effector function. 

Graphs show quantification of: (A) lymphocyte lineages (NK, B, CD4+ and CD8+T cells), (B) 

CD8+T cell subsets and (C) IFN-ɔ production by lung CD8+TRM and TEM subsets from mice 

treated with aIL-10R antibody (purple) or IgG control (blue) at 4dpi. Data are compiled from 4 

independent experiments (n = 12-16 mice per group). Statistical significance was determined by 

studentôs t-test. (D) IFN-ɔ content in the BAL of control- and aIL-10R-treated mice at 4dpi. Results 

are representative of 2 independent experiments with n=9 in each group. Statistical significance 

was determined by the studentôs t-test. (E) IFN-ɔ production by lung CD8+T cells stimulated ex 

vivo with anti-CD3/anti-CD28-coupled beads (aCD3/28)±IL-10 shown in representative flow 

cytometry plots (left) and compiled results from 2 independent experiments with n = 11 mice per 

group (right). Statistical significance was determined by the studentôs paired t-test. For (A-E), 

boxes indicate interquartile range with a line drawn at the mean; whiskers indicate the minimum 

and maximum values. ****, p Ò 0.0001; ***; p Ò 0.001; **, p Ò 0.01; *, p Ò 0.05.  
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Figure 3.11: Gating strategy for the analysis of cellular populations related to ŬIL -10R 

blockade experiments.   

(A) Gating strategy used for Figures 3.9-10 for the identification of Macrophages, B cells, NK 

cells, T cells, CD4+ and CD8+ T cells as well as the CD8+ T cell subsets, Tisue Resident Memory 

T cells (TRM, CD44+CD69+), T Effector Memory cells (TEM, CD44+CD62L-), T Central Memory 

cells (TCM, CD44+CD62L+), and naïve T cells (CD44-CD62L+). 
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Human influenza-specific lung TRM with high effector function produce IL-10   

Our results above demonstrated in mice that lung TRM rapidly produce IL-10 during 

secondary influenza infection, which simultaneously attenuates innate immunity and enhances T 

cell effector responses. To address whether human influenza-specific T cells in tissues could 

mediate similar responses as in mice, we evaluated the functional profile of T cells isolated from 

lungs, lymphoid organs, and blood of human organ donors that we have extensively validated for 

human immunology studies346,367ï369. We identified influenza-reactive T cells in blood, spleen, 

lung, and lung-draining lymph node (LLN) of multiple donors (Figure 3.12A) using the activation 

induced marker (AIM) assay370 adapted for tissue T cells333,334. Antigen-reactivity was determined 

after culture of mononuclear cells from each site with influenza peptide pools by the expression of 

AIM markers 4-1BB and OX40 for CD4+T cells and 4-1BB and CD25 for CD8+T cells (Figure 

3.12B). To fully assess their transcriptional and functional profile, we sorted flu-reactive AIM+ T 

cells for profiling using cellular indexing of transcriptomes and epitopes (CITE-Seq) (Figure 

3.12C) as previously described 334. Clustering of the resultant T cells from all 4 sites and 12 donors 

visualized by uniform manifold approximation and projection (UMAP) revealed distinctions 

between CD4+ and CD8+T cells, unstimulated and flu-reactive cells, blood and tissue sites, but not 

across donors (Figure 3.12D).  

Gene Set Enrichment Analysis (GSEA) of the human flu-reactive T cell response revealed 

a significant enrichment for murine genes (identified in Figure 3.3A-C) as upregulated in either 

the ñT cell activationò cluster or the secondary infection response (Figure 3.12E). Lead genes with 

particularly high enrichment scores included TNFRSR4, IFNG, LTA, GZMB, TIGIT, CTLA4, and 

TNF (Table A.A3). Furthermore, human flu-reactive T cells upregulated similar cytokine genes 

(Figure 3.12F) as those expressed in the mouse secondary response (Figure 3.4A and C). Certain 
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cytokines (e.g. IL2, IL13) were primarily expressed by flu-reactive T cells in circulation (blood 

and spleen), while others (e.g., TNF, IFNG) were expressed by flu-reactive T cells in both 

circulation and tissue (lung and LLN) (Figure 3.12F). In humans, IL10 expression was enriched in 

human flu-reactive T cells present in tissues, but not in blood and was significantly higher in 

human flu-reactive CD8+T cells compared to CD4+T cells (Figure 3.12G and H), consistent with 

our findings in mice. Moreover, expression of IL10 was highest on TEM (CCR7-CD45RA-) cells 

compared to any other subset (Figure 3.12I), including CD4 Tregs, based on a multimodal 

classifier (see methods). Flu-reactive CD4+ and CD8+TEM also expressed multiple TRM genes 

(CXCR6, PDCD1, ITGA1, ITGAE) (Figure 3.12J) and surface markers (CD69, PD-1, CD49a) 

(Figure 3.12K). Together, these findings demonstrate that human flu-reactive TRM are distinct in 

their production of IL10 relative to circulating memory T cells and other tissue T cell subsets.   

To characterize the functional capacity of IL10 expressing cells, we identified protein 

coding genes that are co-expressed with IL10 consistently across donors (see methods). Transcripts 

with positive R values, indicating co-expression with IL10 beyond what would be expected by 

chance, include FABP5 and DUSP6, which are known to mark tissue-resident cells 215,371, as well 

as LAG3, a negative regulator of T cell responses (Figure 3.12L). In addition, IL10 was co-

expressed with effector cytokines and chemokine genes including IFNG, GZMB, GZMH, and 

CSF2 (Figure 3.12L); these genes were lowly expressed in flu-reactive T cells that did not express 

IL10 but expressed equivalent levels of AIM markers (while unactivated T cells did not express 

AIM markers or cytokines) (Figure 3.12M). Together, these findings demonstrate that human TRM-

mediated IL-10 production is associated with enhanced effector responses, consistent with our 

results with mouse TRM.  
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Figure 3.12: IL -10 production by human influenza-specific tissue memory T cells and 

association with enhanced effector function. 

 (A) Schematic illustrating the organ donors (D), living subjects (FLD), and blood and tissue 

samples profiled. (B) Plots show identification of Influenza (flu)-reactive CD4+ (orange) and CD8+ 

(green) T cells using the activation induced marker (AIM) assay following stimulation with peptide 

pools. (C) Representative flow cytometry plots of unstimulated (top) and flu peptide pool 

stimulated (bottom) CD4+ (orange, left) and CD8+ (green, right) T cells. (D) Compiled 

unstimulated and flu-reactive T cells visualized by uniform manifold approximation and projection 

(UMAP) colored by cell lineage defined by a multimodal classifier (see methods), stimulation 

condition, tissue, and donor (E) GSEA enrichment of top 500 mouse secondary response genes 

within the human flu-reactive T cell response. Gene sets were selected from all differentially 

expressed genes or those from the ñT cell activationò cluster (Fig 1D). (F) Heatmap depicting the 

normalized expression of T cell associated cytokines enriched in mouse flu secondary response 

(identified in Fig. 2) in resting and flu-reactive T cells across human circulation (blood and spleen) 

and tissue (lung and lung draining lymph nodes). * indicate genes that are significantly upregulated 

in the mouse or human flu response. (G-I)  Bar plots depicting the mean IL10 log normalized 

expression across (G) tissue and stimulation conditions in all cells evaluated, (H) within flu-

reactive CD4+ and CD8+T cells, and (I)  classifier defined T cell phenotypic subsets. Statistical 

significance for (G-I) was determined by one-way ANOVA corrected for multiple comparisons 

with Tukeyôs HSD test. (J-K)  Expression of residency and circulatory (J) genes and (K)  surface 

markers on flu-reactive T cells in tissue. Dot plots depict gene expression: dot size represents the 

fraction of cells in that group expressing a gene, and dot color represents the row normalized 

expression. Violin plots display the distribution of antibody derived tag (ADT) expression for each 
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population colored by the median log-normalized ADT counts per thousand. (L)  Scatterplot 

showing average R values vs log-normalized gene expression. R values were calculated for each 

protein coding gene expressed in >80 cells, and plotted R values are for those genes with the same 

sign across all donors evaluated (see methods). (M)  Dotplot depicting gene expression of AIM and 

functional mediators in unstimulated or flu-reactive, IL10 positive or negative cells. Dot size 

represents the fraction of cells in that group expressing a gene, and dot color represents the row-

normalized expression. * p<0.0001. 
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3.3 Discussion 

TRM-mediated protection in the lung and other tissues has consistently exemplified ideal 

characteristics of protective immunity such as enhanced viral clearance, reduced morbidity, and 

more rapid recovery, though the underlying mechanisms have been unclear. Here, we used an 

unbiased sequencing approach combined with targeted analysis using cytokine reporter mice and 

specific cytokine blockade to reveal that IL-10 produced by TRM cells promotes optimal protective 

immunity promoting CD8+T cell effector responses while suppressing macrophage-derived 

inflammation. Notably, inhibiting IL-10 signaling caused increased morbidity and lung pathology 

in the secondary response. Functional analysis of human IAV-specific T cells recapitulates these 

findings, demonstrating that human TRM are key producers of both IL-10 and effector cytokines. 

These results reveal a mechanism by which TRM coordinate efficacious protection through dual 

functional roles and a paradigm for vaccine targeting. 

 Through unbiased transcriptome analysis of the total lung response, we show that the 

secondary infection triggers a significantly attenuated innate immune and macrophage-derived 

inflammatory profile compared to the primary response, including reduced levels of Type I and 

Type III interferons, the latter which acts specifically on epithelial cells to reduce viral load 372. 

This downregulation of lung macrophage activation could be attributed to tolerization, which 

occurs through prolonged exposure to activating signals like LPS 121,373; however, this is a transient 

state and not likely to persist 5 weeks post-infection when the secondary challenge was given. 

Lung macrophages can also undergo changes following initial infection through a phenomenon 

known as ñtrained immunityò in which macrophages can exhibit enhanced clearance of pathogens 

to a secondary challenge 374,375. It is possible that multiple changes in the lung due to prior infection 
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including TRM development in conjunction with a trained innate response contributes to targeted 

pathogen control with decreased inflammation.  

 Our results reveal a robust T cell-mediated effector response in lung secondary responses 

to influenza challenge comprised of Th1- and Th2-like cytokines (IFN-g, IL-4, IL-13, IL-22) 

mobilized within 2dpi. These findings are consistent with previous studies showing rapid in situ 

activation of TRM in the absence of additional T cell recruitment 222,323. In addition to these effector 

cytokines associated with protection, we found robust production of IL-10 by CD4+ and CD8+TRM 

cellsða feature also associated with newly recruited lung T cells in primary responses, albeit at 

later times post-infection 158.  

We show that TRM-mediated IL-10 production has pleiotropic effects on innate and 

adaptive immunity in the secondary response. Early IL-10 directly regulates macrophage function 

and polarization through upregulation of Arg1, a canonical marker of anti-inflammatory (also 

referred to as M2-like) macrophages associated with wound-healing 376,377. Abrogation of IL-10 

signaling resulted in decreased Arg1+ macrophages and increased pro-inflammatory macrophages, 

similar to findings in models of inflammatory bowel disease that show IL-10 signaling by intestinal 

macrophages controlled localized inflammation 378,379. In bacterial infection models, IL-10 

signaling in macrophages can suppress clearance 380; however, IL-10 production in the lungs did 

not inhibit viral clearance,  likely due to different mechanisms for clearance.  In the context of 

respiratory virus infection, IL-10 is more important for regulating in situ lung inflammation and 

tissue damage. 

 A second effect of IL-10 signaling in the lungs is augmenting CD8+T cell numbers and 

their effector functions. While IL-10 produced by intestinal T cells in a colitis model has been 

shown to suppress T cell effector function in the intestines 381,382, IL-10 can enhance T cell survival 
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and effector function in the central nervous system (CNS) in the mouse experimental autoimmune 

encephalomyelitis (EAE) model of CNS inflammation 383ðan effect similar to our results in the 

lung. Importantly, human TRM also produce IL-10 as part of the core TRM signature 215 and we 

show here that influenza-specific human lung and lymphoid TRM produce IL-10 which is 

associated with robust effector functions. In addition to regulating infection responses, steady-state 

production of IL-10 is crucial in tissue homeostasis; this is most prominently evidenced in targeted 

Il10 deletions in mice, in which monogenic knockouts spontaneously develop colitis, and 

treatment with supplementary IL-10 abrogated this phenotype 384ï386. However, IL-10 production 

must be highly spatially and temporally regulated; aberrant IL-10 production has been associated 

with cytokine storm and suppressive tumor microenvironments, enabling tumor growth and 

metastasis 387,388. We propose that limiting IL-10 production largely to TRM cells provides the 

appropriate transient downregulation of inflammation while avoiding sustained signaling.  

 TRM are generated by and mediate protection to diverse respiratory pathogens ï including 

different viruses 221,222,291,389 and bacteria 390,391. Human lung TRM can likewise be generated to 

respiratory pathogens such as influenza and SARS-CoV-2 333,334,346. While TRM can be established 

from site-specific vaccination in mouse models 310,392,393, targeting protective TRM is not achieved 

by current vaccines. Human T cell-mediated protection in vaccines has been correlated to 

production of multiple pro-inflammatory cytokines by circulating T cells  394,395. However, our 

findings indicate that production of regulatory cytokines in situ is an important consideration for 

optimizing and monitoring protection to respiratory pathogens, as regulating inflammation is an 

essential component of protection. The dual functionality of lung TRM as elucidated here 

orchestrates a precise balance of protection between viral clearance and maintaining tissue 

homeostasis can provide a new functional target for vaccines and immunomodulators.    
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Chapter 4: Conclusions 

 As early as the 16th century, it has been noted that secondary exposures to infectious 

diseases resulted in milder disease, leading to the radical idea to intentionally exposing people to 

smallpox to protect from subsequent lethal infection396,397. However, it was not until the 19th 

century when Louis Pasteur formulated the idea of artificial attenuation of a pathogen to produce 

a milder primary exposure to protect from future infection398. Since then, a formalized study of 

vaccinology alongside virology and immunology has led to significant advancements and 

improvements in vaccines, representing one of the most successful public health breakthroughs in 

history alongside sanitation and clean drinking water399ï401. Widespread vaccination has proven to 

be incredibly efficient at reducing morbidity and mortality from communicable infectious diseases 

from direct and herd-immunity effects, protecting uncountably many from serious disease and 

crucially contributing to the increase of life expectancy in the 20th century400,402,403. Notably, 

advancements in vaccinology and technology enabled the record-breaking rapid development of 

the COVID-19 vaccine, saving countless lives and facilitating the recovery from the globally 

devastating pandemic312,313,404ï407. However, despite their enormous success, vaccines have 

historically been developed empirically, with immunology and vaccinology evolving 

independently, leading to a poor understanding of the immunology of vaccines and the 

immunological changes that successful vaccines should seek to produce408,409. Therefore, it is of 

critical importance to first define and dissect the mechanisms by which adaptive immunity 

naturally mediates superior protection in subsequent infections to understand the ideal paradigm 

of protection that should represent the standard of care.  

 Studies from our lab and others have utilized murine models of vaccination and infectious 

challenge finding that vaccination strategies that generate cross-reactive T cells offered superior 
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protection compared to vaccines that solely focused on neutralizing antibodies310,319ï322. In primary 

responses, T cells typically require several days to be primed and localize to the site of infection; 

however,  TRM, which reside in tissue, are able to provide rapid adaptive T cell-mediated protection 

in the event of reinfection29,70,136,203. Studies of patient outcomes in SARS-CoV-2 infections have 

found positive correlations with rapid T cell responses and patient outcomes, highlighting the 

benefits and potency of rapid T cell responses in respiratory viral infections344,410. Further 

mechanistic studies in mouse models revealed that TRM provide robust cross-strain protection 

independent of antibodies, resulting in significantly reduced morbidity and mortality310,319,322,323; 

however, it remains unclear how early activation of a lung-localized immune T cell response 

interacts with innate immunity to orchestrate enhanced protection in secondary responses.  

 Here, we used a mouse model of heterosubtypic infection to dissect the mechanisms by 

which TRM activation coordinates with innate immunity to provide optimal protection 

characterized by reduced immunopathology and enhanced survival. To gain an unbiased 

perspective of the induction of the localized immune response, we performed RNAseq on whole 

lungs of mice undergoing primary and secondary infectious challenge. Consistent with previous 

studies of TRM in other tissues, we see a rapid and robust induction of a T-cell activation signature 

in the lung motivated by IFN-ɔ30,211,323,411. Further analysis revealed a notably attenuated innate 

immune response signature in comparison to primary infections, manifesting as a decrease in Type 

I and III IFNs and macrophage-associated chemokines and cytokines. This downregulated innate 

immune response could be caused by effects of trained immunity, in which innate immune 

populations exhibit altered responses in subsequent challenges due to epigenetic changes arising 

from previous challenge120,121,375,412. While it is possible that the attenuated innate immune 

response can be attributed to the effects of alterations in the lung environment arising from 
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previous infection, our transcriptomic analysis revealed a unique early production of IL-10 which 

has been independently shown to play a prominent role in controlling inflammation in primary 

infections, prompting further investigation into the potential function of this novel early lung-

localized IL-10158,171,413,414.  

 Using an IL-10-GFP reporter mouse, we were able to validate that early in situ production 

of IL-10 in the lung, consistent with previous in vivo and in vitro studies of TRM in other tissue 

sites28,70,215. While small amounts of other populations produced IL-10, T cells, specifically those 

expressing a TRM phenotype were responsible for the largest portion of IL-10 production in the 

lung at these early times. Although CD4+ Treg have been traditionally associated with IL-10 

production for the maintenance of tissue homeostasis in barrier sites such as skin and intestines, 

our data indicated that the majority of IL-10 producing CD4+ T cells did not express the canonical 

Treg marker FoxP3415ï417. Interestingly, we see that while both CD4+ and CD8+ TRM produce IL-

10, CD8+ TRM upregulate IL-10 to a greater degree than CD4+ TRM, consistent with studies on T 

cell-derived IL-10 in primary infections66,136,158. Taken together, these data support a unique 

regulatory role of CD8+ T cells in viral infections through the production of IL-10.  

 To interrogate the role of early IL-10 production, we performed experiments blocking early 

IL -10 signaling showing that IL-10 signaling directly regulates macrophage polarization and 

function. Blockade of IL-10 signaling caused a sharp decline in macrophage Arg1 expression, the 

canonical marker of M2 macrophages associated with tissue repair and wound healing418ï420. 

Indeed, in vitro stimulations of macrophages with IL-10 have shown that IL-10 is necessary and 

sufficient to cause M2 polarization in vitro, and mouse models have validated this effect in vivo421ï

423. There was a concomitant increase in proinflammatory iNOS+ M1-like macrophages, indicating 

a heighted inflammatory environment in the absence of IL-10-mediated control of inflammation. 
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Furthermore, we found that the decrease in tissue repair M2-like macrophages was associated with 

increased immunopathology in infection, highlighting the crucial role of macrophages in tissue 

repair. These findings are consistent with animal models of tissue repair and wound healing, which 

highlight the requirement for precise and delicate macrophage regulation to restore tissue 

homeostasis following injury79. Inflammatory M1 macrophages are required for sterilizing 

infected wounds, which then undergo phenotype switch to M2 macrophages to resolve 

inflammation and promote wound healing. Dysregulation of macrophage function can lead to 

impaired chronic wounds, scarring, and fibrosis79. This ongoing inflammatory pro-fibrotic 

macrophage-driven lung response has been shown to drive chronic obstructive pulmonary disease 

(COPD)424,425. The importance of in situ regulation of macrophage-driven inflammation is also 

demonstrated in asthma and IBD disease models, in which macrophage-driven inflammation is 

directly causative of patient symptomology426ï428. Knockout of CCR2 to block monocyte 

recruitment into the lung during IAV infection resulted in reduced mortality, highlighting the 

destructive potential of inflammatory macrophage responses102. Together, these data underscore 

the importance of in situ regulation of macrophages in disease.   

 While IL-10 is commonly studied for its regulatory capacity, IL-10 has also been shown to 

be a stimulating cytokine in specific contexts. IL-10 has been shown to promote effector functions 

in NK cells, T cells, and B cells as well364,366,429,430. Further analysis of IL-10 in our murine model 

of secondary infections revealed a surprising stimulatory effect of IL-10 on CD8+ T cell activation 

to enhance cell numbers and IFN-ɔ production. This stimulatory role of IL-10 on CD8+ T cells 

parallels its role in T cell exhaustion in tumor immunity, in which IL -10 prevents T cell exhaustion 

and stimulates production of granzyme B, TNF-Ŭ, and IFN-ɔ431ï433. Studies of IFN-ɔ production 

by TRM in viral infections have shown that IFN-ɔ facilitates enhanced viral clearance70,229. 
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Blockade of IL-10 signaling in our studies had no effect on viral clearance, which could be 

attributed to either insufficient reduction in IFN-ɔ production and CD8+ T cell activation or 

alternative compensatory mechanisms from other immune populations. IL-10 is not required for 

viral clearance as mice deficient in IL-10 were still able to clear respiratory viral challenge through 

a Th17-mediated compensatory mechanism324. Instead, these data suggest that IL-10 may be 

dispensable for viral clearance but crucial for the mitigation of immunopathology. Blockade of IL-

10 in primary influenza infections results in increased pathology with no effect on viral clearance, 

while treatment with corticosteroids mitigated immunopathology and enhanced survival158. 

Similarly, mice deficient in IL-10 also develop spontaneous colitis due to uncontrollable intestinal 

inflammation, while treatment with exogenous IL-10 rescued this phenotype384ï386. These studies 

indicate that IL-10 is critical for not only restoring and maintaining tissue homeostasis but also for 

safeguarding from excessive inflammation. Furthermore, in the context of respiratory viral 

infections, T cell derived IL-10 plays a crucial role in protecting from severe disease independently 

of viral clearance.   

 Although IL-10-mediated immunosuppression can be protective, it must be precisely 

regulated both temporally and spatially. Exogenous IL-10 has been shown to be protective in 

murine models of sepsis by inducing M2 macrophage polarization in vivo434. However, mouse 

models of cancer have shown that IL-10 is critical for recruiting tumor-associated macrophages 

(TAMs) which then enhance an immunosuppressive tumor-permissive environment by amplifying 

local IL-10 production, facilitating tumor growth388,435ï438. In vitro experiments in slice cultures 

have demonstrated that blocking IL-10 increased cancer cell death, highlighting the potency of IL-

10 mediated immunosuppression439. Contrastingly, in vivo models using pegylated IL-10 

(pegilodecakin) to stimulate exhausted tumor-resident T cells have shown potential therapeutic 
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benefit to exogenous IL-10 administration, further highlighting the complex pleiotropy of IL-10440. 

In the context of viral infections, prolonged IL-10-mediated immunosuppression impairs viral 

clearance, promoting the development of chronic and latent infections, and can be indicative of 

increase disease severity as seen in COVID-19441ï445. Influenza, coronavirus, and bacterial 

superinfection murine models have demonstrated that timely CD8+-derived IL-10 is protective, 

indicating that the potent effects of IL-10 are beneficial during only specific therapeutic windows 

in the appropriate localized environment158,171,414.  

 While mouse models serve as highly beneficial research tools for understanding the 

development, maintenance, and functions of the immune system, it is impossible for laboratory 

mice, which are often syngeneic, live for only up to 2 years, and are exposed to only a few 

pathogens in a controlled environment,  to recapitulate humans, who are genetically diverse, live 

for 70+ years, and are exposed to countlessly many diverse pathogens over the course of their 

lives32,33. Utilizing our labôs collaborative tissue resource, we performed functional analysis of 

influenza-specific circulating and resident T cells. Notably, in contrast to antibody titers which are 

known to wane over time, these influenza-specific TRM responses persisted despite the varying 

ages and exposure history of our donor cohort, suggesting that TRM represent a reservoir of 

enduring immunity228,446ï448.  

 Our data support a model by which TRM are responsible for redirecting the induction of the 

lung-localized secondary antiviral responses to achieve enhanced viral clearance and diminished 

immunopathology through the production of IL-10 (Figure 4.1). In contrast to primary infections 

which are characterized by rapid mobilization of innate immunity, secondary infections exhibit 

diminished innate immune responses and enhanced T cell responses. Further analysis of our data 

revealed that IL-10 enhanced CD8+ T cell responses, suggesting a novel potential therapeutic value 
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for IL-10. Mouse models of cancer have found that IL-10 in tumor microenvironments can 

stimulate protective T-cell responses440,449. Early phase 1 clinical studies found that combinatorial 

therapy of exogenous pegylated IL-10 combined with PD-1 blockade has been shown to stimulate 

systemic T cell expansion and enhance antitumor CD8+ T cell activity, indicating the potential for 

therapeutic IL-10 in T cell-mediated protection450. Additionally, we found that early IL-10 

signaling was indispensable for not only controlling macrophage activation and polarization but 

also in guarding against excessive immunopathology. While exogenous IL-10 therapies have been 

met with some success in chronic autoimmune conditions such as psoriatic arthritis, its application 

in viral infections has been largely unsuccessful, perhaps due to very specific spatial and temporal 

requirements for beneficial IL-10 signaling451. We propose that TRM are uniquely positioned and 

equipped to provide IL-10 at the appropriate time and location to mediate optimal immune 

responses. Current vaccination strategies focus on the generation of antigen-specific neutralizing 

antibodies, which provide robust protection to many diseases but fail to confer efficacious cross-

strain protection to viral infections prone to mutation, such as IAV and SARS-CoV-23,46,47,452. In 

contrast, T cells offer improved cross-strain protection compared to antibody-mediated 

immunity283ï286. We propose that current vaccination strategies should focus on producing T cell 

responses in addition to antibodies. In conclusion, our studies elucidate how the early activation 

of lung-localized TRM fundamentally changes the induction of the immune response to secondary 

respiratory viral infections through IL-10 signaling, which plays a novel pleiotropic role to 

enhance CD8+ T cell responses, regulate inflammation, and regulate macrophage polarization. 
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Figure 4. 1: Model of the effects of the effects of TRM on the induction lung-localized 

immune response to respiratory viral infection.  

Primary respiratory viral infections (left) induce antiviral responses from macrophages which 

polarize towards a classically activated M1-like phenotype which produces a wide range of 

inflammatory cytokines to promote the immune response. These pro-inflammatory cytokines 

stimulate the recruitment and activation of other innate immune effectors to control the infection. 

In contrast, secondary heterosubtypic infections (right) stimulate rapid responses by lung-localized 

TRM to produce the potent antiviral type II IFN and the immunoregulatory cytokine IL-10.  IL -10 

signaling causes macrophage polarization to shift away from the pro-inflammatory M1-like 

phenotype and towards a regulatory M2-like phenotype. This shift in macrophage polarization also 

causes a decrease in macrophage-derived cytokines. IL-10 also enhances CD8+ T cell responses in 

secondary infections.  
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Appendix A: Extended tables related to Chapter 3 

Table A.A1: PC loadings of PC1 and PC2 in PCA related to Figure 3.2A  

Symbol PC1 PC2 Symbol PC1 PC2 Symbol PC1 PC2 

NA 0.15 -0.01 Angptl4 0.08 0.03 Xcl1 0.06 0.04 

Klra2 -0.02 0.20 H2-T22 0.08 -0.01 Gpr171 -0.02 0.10 

A530064D06Rik -0.08 0.03 NA 0.00 0.01 Il10 0.07 -0.01 

Lrrc25 -0.03 0.18 Krt16 -0.01 0.08 Ereg 0.07 0.00 

F10 0.11 0.01 Sprr1a 0.08 0.00 Vcan 0.06 0.04 

Gm9794 0.11 0.00 Ccl11 -0.03 0.12 Lair1 0.07 -0.01 

Ccl5 -0.03 0.16 NA -0.02 0.12 Gbp6 0.07 -0.02 

Slc39a14 -0.03 0.16 Hk3 -0.02 0.12 Ctla4 0.07 0.02 

Il36g 0.11 0.02 Rgcc -0.02 0.12 Dhx58 -0.02 0.10 

Ccl9 0.10 0.00 Tnfrsf12a -0.02 0.12 Gm5431 0.07 0.01 

Epsti1 0.09 0.07 Gm21188 0.08 0.02 

B430306N03Ri

k 0.03 0.00 

Myom1 0.07 0.09 C3ar1 0.08 0.02 Slfn8 0.07 0.00 

Cyp4f18 -0.02 0.14 Pnp2 0.08 0.02 Cldn4 0.07 0.00 

Ifnl3 0.10 -0.01 Gpr31c 0.07 -0.02 Casp4 -0.02 0.10 

Dio2 -0.02 0.14 Bcl2a1b 0.08 0.01 Mmp8 0.07 0.00 

Stra6l 0.09 0.04 Isg20 0.07 0.00 Gbp2 0.03 0.07 

Pycard 0.09 0.00 Ackr1 0.08 0.01 Fkbp5 -0.02 0.09 

Nt5c3 0.09 -0.02 Csta2 -0.05 0.06 NA 0.05 0.06 

Bst2 0.09 0.00 Gbp3 0.07 0.03 Milr1 0.06 0.03 

Ifi206 0.09 0.01 Doc2b 0.07 0.00 Adamts4 0.07 0.01 

B230303A05Rik 0.09 -0.02 Sectm1b 0.07 0.00 Ddx4 0.06 -0.01 

Sele 0.09 0.03 Irgm1 0.07 0.00 Ifi213 0.06 0.02 

Mt1 -0.02 0.13 Ms4a7 -0.02 0.10 Atf3 0.07 0.01 

Car13 -0.02 0.13 NA 0.06 0.05 Rtp4 0.06 -0.02 

Nampt 0.08 0.00 Ifitm6 0.07 0.03 Hcar2 0.07 0.01 

Sirpb1c -0.02 0.13 Gvin-ps4 0.07 0.03 Cd69 0.06 0.00 

Ccl19 -0.02 0.12 Ddx60 -0.01 0.11 Alpl  0.06 0.04 

Slamf7 0.08 -0.01 Ube2l6 0.07 -0.01 Pdcd1 -0.02 0.08 

Clec5a 0.09 0.00 Arg2 0.07 0.01 Trim30b -0.02 0.09 

Tubb3 -0.02 0.12 Klrk1 -0.01 0.08 Ido1 0.04 -0.02 

Sct 0.05 -0.05 Ifi214 -0.01 0.10 Ptafr 0.07 0.02 

NA 0.08 -0.03 Gzmc 0.06 0.05 Gm6377 0.06 0.01 

Coch -0.01 0.12 Herc6 0.07 0.02 Lilrb4a -0.02 0.09 

Cmpk2 0.08 0.01 Tnf 0.07 0.00 Ifi47 0.06 0.02 
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Mlkl  0.08 0.00 Slc28a2 0.07 0.02 Saa2 -0.02 0.08 

Gvin-ps2 0.08 -0.03 Igtp 0.07 0.02 Aif1 -0.02 0.09 

Phf11 0.08 0.02 Apoc2 0.07 0.02 Serpina3g -0.03 0.02 

 

Symbol PC1 PC2 Symbol PC1 PC2 Symbol PC1 PC2 

Trex1 0.06 0.01 Olfr56 -0.02 0.08 Cfb 0.02 0.07 

Gpr84 0.06 0.01 Olfr56 -0.02 0.08 Ccl8 0.00 0.04 

Xaf1 -0.02 0.09 Lcn2 0.05 0.00 Phf11a 0.05 0.01 

Ifi207 0.06 0.00 Gm6545 0.06 0.02 Mt2 -0.01 0.01 

Tnip3 0.06 0.03 Pla2g7 0.06 0.01 Ms4a6c -0.03 0.00 

Cd274 0.06 0.03 Ms4a4a 0.05 0.04 Ifit3 0.02 0.01 

Apol9b 0.06 0.00 Ifi209 0.06 0.00 NA 0.05 0.02 

Stfa2l1 0.05 0.05 Ch25h 0.06 0.00 Calhm6 0.05 0.00 

Cd300lf -0.01 0.09 NA -0.02 0.08 Ifi27l2a 0.05 0.01 

Orm2 -0.03 0.08 Phf11d 0.06 0.02 Il1rn 0.05 0.03 

Ccr5 -0.01 0.05 Tnfrsf9 0.06 0.01 Rgs1 -0.02 0.06 

Ifng -0.02 0.08 Tgtp1 0.05 0.02 Oas1g -0.01 0.08 

Iigp1 -0.01 0.09 Mefv -0.01 0.08 Ifit1 -0.02 0.07 

Retnla 0.05 0.04 Ccl3 0.05 -0.01 Wfdc17 -0.02 0.08 

Serpina3i 0.06 0.01 Aoah -0.03 0.04 Serpina3f 0.05 0.01 

Usp18 -0.02 0.08 Apol9a 0.05 0.01 Ifit1bl1 -0.01 0.06 

Apol6 -0.04 0.03 Ifnl2 0.06 0.01 Arg1 -0.02 0.07 

Hpx 0.06 0.03 Slfn1 -0.01 0.08 Oasl1 0.05 0.02 

Slfn2 0.05 0.03 Sectm1a 0.05 0.04 Zbp1 -0.02 0.06 

Gbp5 0.06 0.01 Mx2 0.06 0.01 Cxcl11 0.05 0.01 

Prss22 0.05 -0.02 Gbp11 0.05 0.03 Ccl20 -0.04 0.00 

Serpina3n -0.03 0.08 Fcgr4 0.05 0.04 Ms4a6d 0.05 -0.01 

Lilrb4a -0.02 0.09 Lilr4b -0.02 0.08 Csf3 0.03 -0.03 

Il18bp 0.06 0.00 A530032D15Rik 0.03 -0.02 Msr1 0.05 0.01 

NA -0.02 0.01 Gbp10 -0.02 0.08 Cxcl3 -0.02 0.06 

NA -0.01 0.08 Ly6c2 0.05 0.03 Trim30c 0.05 0.01 

Gm4841 -0.02 0.09 Gzmb 0.05 0.03 Orm1 -0.03 0.02 

BC147527 0.06 0.03 Cstdc4 0.05 0.03 Pla1a 0.04 0.05 

Rasl10b -0.02 0.08 Il1b 0.06 0.02 Ifi211 -0.02 0.07 

Clca3a1 0.06 0.02 Cxcl5 0.06 0.01 Ifi204 -0.04 0.02 

S100a9 -0.02 0.07 Phf11b -0.05 -0.01 Mx1 0.03 -0.02 

Chl1 0.06 0.02 Ifit3b 0.05 -0.01 Ptx3 0.04 0.04 

Trem1 0.05 0.04 Ms4a6b 0.05 0.01 Clec4e 0.04 0.02 

NA -0.02 0.08 Cngb3 0.05 0.01 Ly6i 0.05 0.01 

Oas3 0.06 0.00 Clec4d 0.04 0.00 Ubd 0.05 0.00 

NA -0.01 0.08 Tarm1 0.06 0.00 Fcgr1 0.05 0.01 
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S100a8 -0.02 0.08 Plac8 -0.01 0.07 Irf7 -0.02 0.07 

Oas1a 0.06 0.01 Ccr1 0.06 0.00 Isg15 0.05 0.03 

Ifi44 0.05 -0.02 Ifit2 0.05 0.01 Cxcl1 0.02 -0.04 

Symbol PC1 PC2 Symbol PC1 PC2 Symbol PC1 PC2 

Ifi205 0.05 0.02 Dnah6 -0.02 0.07 Elapor1 0.00 0.04 

Cxcl13 0.05 0.00 Dcdc2a 0.04 0.02 Scn3b 0.00 0.07 

Ccl4 0.04 0.00 Kif26b 0.05 0.01 Hepacam2 0.03 0.01 

Ccl12 -0.01 0.07 Lrrc23 0.01 0.03 Apln 0.05 0.00 

Ms4a4c 0.05 -0.01 Hc 0.04 0.02 Colgalt2 0.00 0.06 

Apod 0.04 0.03 Faim2 0.05 0.01 Lrat 0.01 0.04 

Rsad2 -0.03 0.01 Tril  0.05 0.02 Tcte1 0.05 0.01 

Ifnb1 0.05 0.01 Igsf10 -0.03 0.02 Gfra2 0.05 0.00 

Cxcl9 0.05 0.01 Cfap57 0.04 0.01 Scn7a -0.03 0.03 

Saa1 0.00 0.05 Pcdh12 0.05 0.01 Ankrd65 0.00 0.06 

Il1r2 0.05 0.00 Fabp1 0.04 0.04 Hr -0.02 0.04 

Timp1 -0.02 0.07 Lrrc74b 0.04 -0.02 Dnah9 0.04 0.01 

AA467197 0.05 0.01 Calml3 0.05 -0.01 Bpifb1 0.04 -0.01 

Il6 0.05 0.00 Scgb3a2 -0.01 0.02 Ttc29 0.05 0.02 

Cxcl2 0.05 0.01 Myh7 -0.01 0.02 Itprid1 0.05 0.01 

Serpina3m 0.05 0.02 Slc4a5 0.03 0.05 Thbs3 -0.01 0.05 

Slfn4 -0.01 0.07 Mgat3 0.04 -0.02 NA 0.05 0.01 

Gm15056 -0.01 0.07 Cdhr3 -0.01 0.03 Asgr1 0.02 0.02 

Cxcl10 0.05 0.01 Synm 0.05 0.02 Fat4 -0.02 0.05 

Ccl2 -0.04 -0.01 St8sia2 0.00 0.05 Spag16 -0.02 0.05 

Acod1 -0.01 0.06 Plekha6 0.05 0.00 Bmp3 0.00 0.00 

Ccl7 0.05 0.02 Shisa2 0.03 0.04 Tnxb 0.02 0.00 

Saa3 0.05 0.02 Dnali1 -0.04 -0.01 Percc1 -0.01 0.06 

NA 0.02 -0.04 Lrp2 0.04 0.02 Wfdc1 0.05 0.00 

Colq -0.05 -0.01 Ccdc187 -0.04 -0.02 Slc7a10 0.04 0.04 

Cyp2f2 0.05 0.00 Ankrd63 0.05 0.00 Dnah1 0.04 0.02 

Car3 -0.01 0.07 Hydin 0.05 0.01 Slc38a5 -0.01 0.07 

Bpifa1 0.05 0.00 Muc5b 0.04 0.03 Matn4 -0.01 0.06 

Dnah5 0.05 0.00 Iqca 0.05 -0.01 Hpcal4 0.05 0.00 

Ackr4 -0.01 0.07 Dnah10 0.04 0.03 Scd1 0.04 0.00 

Aplnr 0.05 0.00 Lama3 0.04 0.03 Olfml2a -0.04 0.01 

Chad -0.02 0.06 Efcc1 -0.01 0.06 Wscd1 0.04 0.02 

NA 0.05 0.00 

1700094D03Ri

k 0.04 0.02 Pde5a -0.01 0.06 

Nptx1 -0.02 0.06 Fgfr4 -0.01 0.07 Gm14440 0.04 -0.01 

Scn3a -0.02 0.07 Mrc2 0.05 -0.01 P2rx6 0.04 0.01 

Cyp2a5 0.02 -0.01 Mmp15 0.00 0.00 Gm973 0.04 -0.01 

Glp1r 0.05 0.00 Mamdc2 0.04 -0.01 Gdf10 0.04 0.03 
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Atp6v1b1 0.04 0.03 Tmem232 0.04 0.02 Rasgrp3 0.04 -0.01 

Scgb3a1 -0.01 0.06 Shank2 0.05 0.00 Prdm8 0.04 0.03 

         

Symbol PC1 PC2 Symbol PC1 PC2 Symbol PC1 PC2 

Spag17 -0.04 0.01 Sox4 0.04 0.02 Prr18 0.04 0.00 

Dlec1 0.04 0.03 Itga8 0.04 -0.01 Fzd2 0.04 0.03 

Rp1 -0.02 0.00 Elfn1 0.04 0.01 Pgr 0.03 0.04 

Sox11 0.04 -0.01 Rflna -0.03 0.00 Cbr2 -0.02 -0.01 

Cyp1a1 -0.01 0.06 Ldlrad1 0.03 -0.01 Cyp4a12b 0.00 -0.02 

Ak7 0.04 0.01 Gm28729 0.04 0.01 Radil -0.02 0.03 

Clic6 -0.04 -0.02 C1qtnf3 0.04 0.02 Clec3b 0.04 0.02 

Ces1f -0.02 0.02 Serpina9 0.02 -0.03 Diras2 0.04 0.01 

Crocc2 0.04 0.01 Irs1 0.04 0.01 Trp73 -0.02 0.05 

Cfap65 -0.01 0.05 Dnaaf1 -0.01 0.05 Ces1e 0.00 0.05 

Rnf144a 0.04 0.01 Rsph1 -0.01 0.06 Fam166c -0.01 0.05 

Nr1d1 -0.01 0.06 Cabcoco1 0.00 -0.01 Mtss2 -0.01 0.02 

Pcp4l1 0.04 0.00 Aox3 0.04 0.01 Magix -0.04 -0.01 

Fat3 0.04 0.03 Notch3 0.02 0.01 

1700003E16Ri

k 0.04 0.02 

Akap14 0.04 -0.01 Sort1 0.02 0.01 Ighg2b -0.01 0.05 

Rsph4a 0.05 0.00 Gsg1l 0.03 0.04 Spata18 -0.03 0.00 

Fasn 0.00 0.05 Fam161a 0.01 0.00 Col14a1 0.04 0.00 

Dnai3 -0.02 0.06 Dnah3 0.04 0.01 Stk33 0.04 -0.01 

Rgs22 -0.01 0.06 Npnt 0.04 0.00 Kcnmb2 0.03 0.00 

Gkn3 0.04 0.01 Wnt3a 0.04 0.02 Tnfrsf19 0.04 0.01 

Cfap70 0.05 0.00 Pdzd2 0.04 0.01 Tbxa2r 0.03 -0.01 

Acoxl 0.04 0.01 Gfra1 -0.04 -0.01 Col4a6 0.04 0.01 

Igkv1-110 -0.01 0.06 Aoc3 0.03 0.00 Pclo 0.01 0.00 

Scube2 0.00 -0.01 Cpm 0.04 0.01 Gask1a 0.04 -0.01 

Dnah11 0.04 0.01 Cfap46 0.03 -0.01 Tff2 0.04 0.01 

Cyp2s1 0.04 -0.01 Vpreb3 0.04 0.01 Lgi3 -0.01 0.05 

Tymp 0.04 0.00 Pnmal2 0.04 0.02 Cpne5 -0.01 0.06 

Sox7 0.04 0.01 Iqcd -0.04 -0.02 Ak9 -0.01 0.03 

Atp2b2 0.04 -0.01 Cfap161 0.03 -0.01 Zfp462 -0.01 0.03 

Ubxn10 0.04 0.03 Dnai4 0.04 0.01 Ltbp4 0.04 0.02 

Cfap44 0.04 -0.02 Hspg2 0.04 0.00 Ptprs 0.04 -0.01 

Kcnk2 0.04 -0.01 Ccdc42 0.03 -0.02 Sema4f 0.04 0.01 

Stmnd1 -0.01 0.06 Adrb1 0.02 -0.02 Ccdc39 0.02 -0.01 

Kif21a 0.04 -0.01 Kcnc3 0.04 0.03 Sox17 -0.04 -0.02 

Ccdc81 0.04 0.02 Fcrls 0.00 0.02 Pitpnm3 0.04 -0.01 

Hes2 -0.01 0.06 Bmp6 -0.01 0.00 Rps13-ps1 0.02 -0.02 

Srcin1 0.04 -0.01 Cyp26b1 0.01 0.00 Tppp -0.04 0.00 
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Sox18 0.03 -0.01 

1700024G13Ri

k 0.00 0.05 Wnt10b 0.04 0.01 

Ces2e 0.03 0.03 Pcdh1 0.04 0.01 Tbc1d16 0.03 0.05 

Symbol PC1 PC2 Symbol PC1 PC2 Symbol PC1 PC2 

Igha 0.04 -0.01 Prickle1 0.00 0.05 Ces2b 0.04 0.01 

Myh10 -0.04 0.01 Dnai2 0.00 -0.04 Pltp 0.04 0.00 

Lrrc36 0.03 0.03 

2610028H24Ri

k -0.01 0.04 Cspg4b 0.02 0.01 

Fam222a -0.01 -0.01 NA -0.01 0.05 Ccdc154 0.00 0.05 

Lbh 0.02 0.04 Cbfa2t3 0.03 -0.01 Gabrp 0.00 -0.02 

Eno4 0.04 0.01 Ccdc24 0.02 0.05 Angptl2 0.04 0.00 

Piezo2 0.02 0.03 Smad9 0.04 0.02 Frmpd2 0.04 0.01 

Ccl21d 0.04 0.00 Morn3 0.00 0.05 Dnai1 -0.01 0.06 

1600029I14Ri

k 0.04 0.02 Ttc16 0.03 0.03 Zmynd10 -0.01 0.05 

Kdr 0.04 0.00 Cyp4f15 0.03 -0.01 NA 0.04 0.01 

Dixdc1 0.04 0.00 Tinag 0.04 0.01 Ccdc170 -0.01 0.05 

Ctxn1 0.04 0.01 Cibar2 0.02 -0.01 Wif1 0.03 0.03 

Septin3 0.04 0.03 Tppp3 0.04 0.02 Chst3 0.04 -0.01 
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Table A.A2: Differentially expressed genes in primary and secondary responses related to 

heatmap in Figure 3.3A. 

T cell activation (top 200 genes) 

Ensembl  ID 

pri_

0 

pri_

1 

pri_

2 

pri_

3 

sec_

0 

sec_

1 

sec_

2 

sec_

3 Symbol 

ENSMUSG00000030867 6.3 6.0 6.1 6.0 6.3 6.3 7.0 8.9 Plk1 

ENSMUSG00000031004 8.9 8.3 8.4 8.3 9.0 8.8 9.2 11.1 Mki67 

ENSMUSG00000027715 7.8 7.4 7.4 7.6 7.5 7.7 8.7 10.5 Ccna2 

ENSMUSG00000020396 3.9 3.6 3.8 3.9 3.9 4.4 5.1 6.7 Nefh 

ENSMUSG00000042385 3.9 4.2 5.8 5.5 4.6 5.4 6.6 8.3 Gzmk 

ENSMUSG00000001403 7.1 6.6 7.0 6.8 6.7 6.7 7.7 9.5 Ube2c 

ENSMUSG00000012443 7.4 7.0 7.0 7.1 7.3 7.3 8.3 9.8 Kif11 

ENSMUSG00000041431 6.4 6.2 6.6 6.9 6.2 6.5 7.8 9.6 Ccnb1 

ENSMUSG00000015437 8.3 8.7 11.1 10.8 8.3 9.7 12.7 13.4 Gzmb 

ENSMUSG00000015880 5.9 5.8 6.2 6.1 6.1 6.3 7.1 8.7 Ncapg 

ENSMUSG00000001228 7.2 7.0 7.4 7.4 7.5 7.7 8.5 10.0 Uhrf1 

ENSMUSG00000028873 6.3 5.8 5.9 6.1 6.2 6.1 7.0 8.7 Cdca8 

ENSMUSG00000025001 7.0 6.8 7.1 7.4 7.1 7.2 8.3 10.0 Hells 

ENSMUSG00000020649 7.9 7.8 8.0 8.4 7.8 8.1 9.2 10.9 Rrm2 

ENSMUSG00000028602 4.8 4.7 5.3 5.2 4.8 5.1 6.9 7.7 Tnfrsf8 

ENSMUSG00000026009 6.4 6.3 6.9 7.0 6.7 7.3 8.8 9.4 Icos 

ENSMUSG00000020914 9.0 8.6 8.7 8.8 9.1 9.2 9.8 11.2 Top2a 

ENSMUSG00000051378 5.3 4.8 5.0 4.8 5.2 5.2 5.8 7.3 Kif18b 

ENSMUSG00000028071 7.3 7.2 8.6 7.9 7.3 7.9 9.7 10.3 Sh2d2a 

ENSMUSG00000027323 5.8 6.1 6.3 6.1 6.1 6.3 7.2 8.5 Rad51 

ENSMUSG00000026285 5.0 5.7 7.8 6.9 5.6 6.2 8.6 9.2 Pdcd1 

ENSMUSG00000071552 5.1 4.9 6.4 5.7 5.5 5.5 7.5 8.1 Tigit 

ENSMUSG00000027306 7.4 7.2 7.3 7.5 7.4 7.3 8.5 9.8 Nusap1 

ENSMUSG00000024670 7.5 7.2 8.1 7.7 7.5 8.1 9.1 10.0 Cd6 

ENSMUSG00000027718 3.1 3.7 4.0 4.1 3.2 4.4 6.3 6.4 Il21 

ENSMUSG00000026605 6.8 6.3 6.4 6.3 6.7 6.6 6.4 8.6 Cenpf 

ENSMUSG00000053044 8.1 7.6 8.2 8.3 8.0 8.6 9.0 10.5 Cd8b1 

ENSMUSG00000050232 6.8 6.4 7.4 7.2 7.3 7.5 8.1 9.5 Cxcr3 

ENSMUSG00000006398 7.6 7.2 7.3 7.2 7.2 7.3 7.9 9.4 Cdc20 

ENSMUSG00000020897 6.3 6.0 6.2 6.5 6.3 6.4 7.3 8.7 Aurkb 

ENSMUSG00000030268 3.5 3.9 4.6 4.7 3.7 4.3 5.8 6.9 Bcat1 

ENSMUSG00000017716 7.2 7.2 7.5 7.7 7.2 7.3 8.4 9.9 Birc5 

ENSMUSG00000055629 4.3 4.4 4.7 4.5 4.7 4.9 5.8 6.7 B4galnt4 

ENSMUSG00000053977 8.1 7.8 8.8 8.8 8.2 8.8 9.7 11.0 Cd8a 
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ENSMUSG00000003779 7.1 6.5 6.9 7.0 7.0 6.8 7.7 9.2 Kif20a 

ENSMUSG00000035365 4.7 4.8 4.8 4.7 4.8 4.8 6.0 6.9 Parpbp 

ENSMUSG00000024989 6.4 6.0 6.2 6.4 6.2 6.2 7.1 8.6 Cep55 

ENSMUSG00000027469 7.5 7.2 8.1 7.8 7.4 7.5 8.7 9.9 Tpx2 

ENSMUSG00000042345 6.4 6.2 7.2 6.7 6.4 6.8 7.8 8.9 Ubash3a 

ENSMUSG00000026770 6.7 6.8 7.9 8.0 6.7 8.0 9.8 10.2 Il2ra 

ENSMUSG00000042489 5.6 5.3 5.7 6.0 5.8 6.0 6.8 8.1 Clspn 

ENSMUSG00000005410 8.6 8.4 8.7 8.9 8.4 8.9 9.8 11.0 Mcm5 

ENSMUSG00000023015 8.1 7.7 8.1 8.0 7.9 8.1 9.0 10.1 Racgap1 

ENSMUSG00000024669 7.3 6.7 7.1 7.2 7.4 7.7 8.0 9.4 Cd5 

ENSMUSG00000026011 5.0 5.4 7.2 6.8 5.5 6.5 9.1 8.9 Ctla4 

ENSMUSG00000040204 7.6 7.8 7.7 8.7 7.8 8.1 9.1 10.8 Pclaf 

ENSMUSG00000006310 6.0 6.0 6.6 6.4 6.0 6.2 7.9 8.5 Zbtb32 

ENSMUSG00000035186 4.5 5.3 8.7 9.2 5.7 10.0 11.5 11.3 Ubd 

ENSMUSG00000031551 6.2 7.0 8.7 8.6 6.3 10.0 10.8 10.7 Ido1 

ENSMUSG00000001444 6.8 6.3 6.8 6.8 6.6 7.3 7.9 8.9 Tbx21 

ENSMUSG00000033952 6.2 5.5 5.8 5.5 6.0 6.0 6.2 7.6 Aspm 

ENSMUSG00000022322 5.6 5.7 5.8 6.3 5.8 6.1 7.1 8.3 Shcbp1 

ENSMUSG00000039748 5.0 5.2 4.7 5.3 5.2 4.9 5.8 7.3 Exo1 

ENSMUSG00000023505 6.9 6.8 7.0 7.1 6.8 7.1 7.9 9.1 Cdca3 

ENSMUSG00000048922 5.5 5.3 5.2 5.3 5.6 5.5 6.0 7.3 Cdca2 

ENSMUSG00000020493 6.1 5.7 5.8 6.1 6.1 6.1 6.6 8.1 Prr11 

ENSMUSG00000068227 9.2 8.7 10.0 9.7 8.9 9.7 11.0 11.7 Il2rb 

ENSMUSG00000032093 8.4 7.8 8.2 8.2 8.2 8.5 9.1 10.2 Cd3e 

ENSMUSG00000048327 7.1 6.7 6.7 6.9 7.0 6.8 7.2 8.9 Ckap2l 

ENSMUSG00000026039 5.9 5.8 5.9 5.8 5.9 6.0 6.6 7.8 Sgo2a 

ENSMUSG00000032218 7.1 7.3 7.6 7.5 7.1 7.3 8.0 9.5 Ccnb2 

ENSMUSG00000055170 4.9 5.6 7.2 7.0 4.9 8.0 9.7 9.0 Ifng 

ENSMUSG00000018168 8.7 8.4 8.3 8.3 8.7 8.8 9.2 10.3 Ikzf3 

ENSMUSG00000027496 6.8 6.5 7.0 6.9 6.6 6.6 7.5 8.9 Aurka 

ENSMUSG00000035455 6.1 6.2 6.2 6.6 6.1 6.3 7.1 8.6 Fignl1 

ENSMUSG00000037202 8.4 7.8 8.4 8.5 7.9 8.4 9.5 10.5 Prf1 

ENSMUSG00000026669 5.3 5.8 6.3 5.8 5.4 5.9 7.0 7.7 Mcm10 

ENSMUSG00000039055 4.4 4.1 4.6 4.5 4.5 4.6 5.1 6.5 Eme1 

ENSMUSG00000017861 5.7 5.8 5.9 5.8 5.9 6.0 6.4 7.7 Mybl2 

ENSMUSG00000079186 3.1 3.5 4.9 5.3 3.1 3.6 6.3 7.2 Gzmc 

ENSMUSG00000056394 8.5 8.3 8.3 8.4 8.4 8.7 9.3 10.3 Lig1 

ENSMUSG00000045328 6.6 6.7 6.4 6.6 6.4 6.6 6.8 8.5 Cenpe 

ENSMUSG00000022385 5.5 5.3 5.6 5.6 5.5 5.7 6.4 7.5 Gtse1 

ENSMUSG00000047415 6.8 6.7 6.9 6.8 7.2 7.0 7.3 8.6 Gpr68 

ENSMUSG00000079553 6.2 5.4 6.1 5.8 5.6 5.9 6.5 7.7 Kifc1 
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ENSMUSG00000032011 10.3 9.8 10.3 10.3 10.2 10.5 11.1 12.2 Thy1 

ENSMUSG00000030677 6.5 6.3 6.5 6.7 6.5 6.8 7.2 8.5 Kif22 

ENSMUSG00000026012 7.6 7.4 8.0 8.0 8.0 8.1 9.0 9.8 Cd28 

ENSMUSG00000026117 7.7 7.4 7.5 7.4 7.4 7.8 8.4 9.3 Zap70 

ENSMUSG00000038128 5.6 5.3 5.6 5.7 5.3 6.0 6.6 7.5 Camk4 

ENSMUSG00000046179 6.1 5.7 6.2 6.3 6.2 6.0 6.7 8.2 E2f8 

ENSMUSG00000037544 6.1 6.3 6.5 6.7 6.0 6.1 7.3 8.6 Dlgap5 

ENSMUSG00000019942 7.5 7.5 7.8 8.2 7.4 7.4 8.7 10.1 Cdk1 

ENSMUSG00000054342 7.4 7.1 7.5 7.3 7.8 8.0 8.4 9.2 Kcnn4 

ENSMUSG00000005470 6.8 6.6 6.8 7.1 6.8 6.9 7.9 9.0 Asf1b 

ENSMUSG00000024791 5.1 4.9 5.3 5.6 5.2 5.3 6.4 7.4 Cdca5 

ENSMUSG00000048251 7.4 6.6 6.7 6.5 7.5 7.4 7.0 8.3 Bcl11b 

ENSMUSG00000031506 8.2 7.7 7.9 8.2 8.4 8.5 8.9 10.0 Ptpn7 

ENSMUSG00000035683 6.2 6.1 5.8 6.4 6.4 6.3 7.0 8.2 Melk 

ENSMUSG00000038943 7.8 7.7 7.5 7.6 7.6 7.8 7.8 9.4 Prc1 

ENSMUSG00000023274 7.9 7.4 8.0 8.0 8.3 8.3 8.8 9.8 Cd4 

ENSMUSG00000001517 6.7 6.6 6.5 6.4 6.5 6.6 6.8 8.2 Foxm1 

ENSMUSG00000068893 3.8 4.3 6.0 6.5 6.2 7.1 7.3 8.4 Sprr2a2 

ENSMUSG00000002870 8.9 8.6 8.5 8.6 8.7 8.9 9.4 10.4 Mcm2 

ENSMUSG00000026683 6.9 6.8 6.8 7.1 6.7 6.9 7.7 8.9 Nuf2 

ENSMUSG00000000791 5.6 5.6 7.0 6.5 5.6 6.8 8.2 8.3 Il12rb1 

ENSMUSG00000105096 6.4 8.8 10.1 9.7 6.8 10.6 11.5 11.5 Gbp10 

ENSMUSG00000028718 4.9 5.0 4.7 4.6 4.9 4.9 5.6 6.4 Stil 

ENSMUSG00000037474 6.4 6.3 6.2 6.7 5.9 6.4 7.6 8.4 Dtl 

ENSMUSG00000030111 4.1 4.3 5.7 4.8 4.1 4.8 6.2 6.6 A2m 

ENSMUSG00000049109 7.0 7.2 7.2 7.8 7.0 7.5 8.3 9.5 Themis 

ENSMUSG00000040084 7.7 7.4 7.8 7.5 7.6 7.7 8.3 9.3 Bub1b 

ENSMUSG00000078521 3.7 3.6 4.0 4.1 3.5 3.7 4.6 5.9 Aunip 

ENSMUSG00000028931 8.7 8.0 8.1 8.5 8.8 8.7 9.0 10.2 Kcnab2 

ENSMUSG00000025279 6.3 6.5 8.0 7.6 7.2 8.2 9.3 9.3 Dnase1l3 

ENSMUSG00000002055 6.2 5.9 6.3 6.3 6.2 6.0 6.8 8.0 Spag5 

ENSMUSG00000024590 9.1 8.7 9.9 9.3 9.0 9.2 10.6 11.1 Lmnb1 

ENSMUSG00000016529 3.3 3.9 5.3 4.8 3.2 4.3 7.3 6.6 Il10 

ENSMUSG00000032021 4.7 4.5 6.0 5.6 4.8 5.2 6.8 7.3 Crtam 

ENSMUSG00000028312 8.5 8.3 8.0 8.5 8.4 8.5 9.1 10.2 Smc2 

ENSMUSG00000037313 7.7 7.6 8.2 8.1 7.7 7.8 8.7 9.8 Tacc3 

ENSMUSG00000023940 5.4 5.2 5.7 5.9 5.3 5.5 6.4 7.6 Sgo1 

ENSMUSG00000027331 7.1 7.0 6.9 7.2 6.9 7.0 7.4 8.9 Knstrn 

ENSMUSG00000001773 4.5 4.4 6.1 5.6 4.4 4.9 7.2 7.2 Folh1 

ENSMUSG00000053398 8.6 8.6 9.3 8.9 8.6 8.8 9.8 10.5 Phgdh 

ENSMUSG00000076752 6.3 6.2 7.1 6.7 6.1 6.8 7.3 8.3 Trgc2 
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ENSMUSG00000042262 3.8 3.9 4.6 3.7 4.0 4.1 5.1 5.4 Ccr8 

ENSMUSG00000027326 6.3 5.8 6.0 6.5 6.2 6.0 7.1 8.2 Knl1 

ENSMUSG00000026355 9.8 9.5 9.8 9.8 9.7 10.0 10.5 11.5 Mcm6 

ENSMUSG00000028175 5.3 5.4 5.6 5.9 5.3 5.4 6.1 7.5 Depdc1a 

ENSMUSG00000116560 4.9 4.8 5.4 4.3 4.6 5.0 5.9 5.9 Gm2808 

ENSMUSG00000020340 9.8 9.4 9.6 9.4 9.8 10.0 10.4 11.1 Cyfip2 

ENSMUSG00000031933 5.2 5.1 5.6 5.5 5.4 5.9 6.7 7.2 Izumo1r 

ENSMUSG00000002033 8.8 8.9 9.3 9.4 8.9 9.4 9.8 11.0 Cd3g 

ENSMUSG00000038379 4.9 4.6 4.8 5.0 4.8 4.7 5.3 6.6 Ttk 

ENSMUSG00000022673 9.6 9.2 9.3 9.2 9.4 9.6 10.1 10.9 Mcm4 

ENSMUSG00000020808 6.0 5.8 6.0 5.6 5.6 5.5 6.2 7.3 Pimreg 

ENSMUSG00000041859 9.1 9.0 9.1 9.1 9.2 9.4 9.5 10.7 Mcm3 

ENSMUSG00000030742 8.6 8.4 8.7 8.7 8.4 8.8 9.5 10.3 Lat 

ENSMUSG00000041064 4.1 3.7 3.9 4.0 3.8 3.7 4.0 5.7 Pif1 

ENSMUSG00000079563 6.4 6.1 6.7 6.7 6.7 7.0 7.4 8.3 Pglyrp2 

ENSMUSG00000025422 7.4 6.8 7.7 7.2 7.5 7.6 8.1 8.8 Agap2 

ENSMUSG00000047534 5.5 5.1 5.1 5.8 5.5 5.4 6.2 7.4 Mis18bp1 

ENSMUSG00000020826 7.6 7.5 7.5 8.1 7.9 8.1 9.8 9.7 Nos2 

ENSMUSG00000030346 5.7 5.7 6.0 6.0 5.7 5.8 6.6 7.6 Rad51ap1 

ENSMUSG00000072082 6.5 6.3 6.3 6.7 6.5 6.3 7.1 8.3 Ccnf 

ENSMUSG00000022034 5.6 5.6 5.7 6.0 5.5 6.0 6.5 7.6 Esco2 

ENSMUSG00000000028 6.6 6.4 6.6 6.9 6.4 6.7 7.4 8.5 Cdc45 

ENSMUSG00000028678 5.8 5.4 5.9 6.1 5.7 5.9 6.6 7.7 Kif2c 

ENSMUSG00000076754 4.5 4.3 5.0 4.6 4.4 4.7 5.2 6.2 Trgv2 

ENSMUSG00000070000 7.4 7.1 7.6 7.6 7.7 7.6 8.3 9.1 Fcho1 

ENSMUSG00000025574 7.5 7.7 7.8 8.0 7.5 7.6 8.5 9.6 Tk1 

ENSMUSG00000000409 9.5 9.2 10.1 10.0 9.3 9.8 10.8 11.6 Lck 

ENSMUSG00000027843 8.5 8.2 9.7 8.9 8.5 8.8 10.2 10.4 Ptpn22 

ENSMUSG00000051220 5.8 5.7 5.7 6.0 5.9 5.9 6.5 7.6 Ercc6l 

ENSMUSG00000020330 7.5 7.9 8.2 8.0 7.5 7.9 8.3 9.6 Hmmr 

ENSMUSG00000027544 7.4 7.1 7.2 7.0 7.7 7.7 7.8 8.5 Nfatc2 

ENSMUSG00000069014 12.0 11.9 11.9 11.5 11.9 12.2 12.6 13.0 Gm5641 

ENSMUSG00000039981 7.2 6.8 7.2 7.4 7.4 7.5 8.5 8.9 Zc3h12d 

ENSMUSG00000024056 6.6 6.5 6.7 7.0 6.6 6.8 7.4 8.5 Ndc80 

ENSMUSG00000068129 6.5 6.6 7.5 7.6 6.5 7.0 8.6 9.1 Cst7 

ENSMUSG00000037725 6.3 6.0 6.2 6.4 5.6 6.0 6.4 7.9 Ckap2 

ENSMUSG00000053318 6.7 7.1 8.6 8.6 7.2 8.8 9.8 10.1 Slamf8 

ENSMUSG00000024660 8.3 7.9 8.1 8.2 8.3 8.2 8.5 9.7 Incenp 

ENSMUSG00000018341 5.6 5.5 6.3 5.9 5.6 6.0 7.1 7.4 Il12rb2 

ENSMUSG00000033220 11.1 10.6 11.3 11.1 11.0 11.3 11.8 12.6 Rac2 

ENSMUSG00000017146 6.0 6.0 5.9 6.3 6.2 6.4 6.8 7.8 Brca1 
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ENSMUSG00000027379 6.9 6.7 6.5 7.1 7.0 7.0 6.9 8.6 Bub1 

ENSMUSG00000045273 5.1 4.9 5.1 5.3 4.9 5.4 5.9 6.8 Cenph 

ENSMUSG00000000486 9.6 9.2 9.6 9.5 9.4 9.7 10.3 11.0 Septin1 

ENSMUSG00000024742 8.0 7.7 8.2 8.0 7.9 8.0 9.0 9.5 Fen1 

ENSMUSG00000020395 8.2 8.0 8.7 8.4 8.1 8.7 9.4 9.9 Itk 

ENSMUSG00000026196 5.6 5.6 5.5 5.6 5.6 5.7 6.0 7.1 Bard1 

ENSMUSG00000031132 5.0 4.8 4.7 5.0 5.2 5.5 5.6 6.4 Cd40lg 

ENSMUSG00000021697 4.4 4.4 4.2 4.1 4.3 4.3 4.7 5.5 Depdc1b 

ENSMUSG00000034773 3.7 3.6 3.8 3.7 3.6 3.6 4.1 5.2 Hrob 

ENSMUSG00000062510 5.6 5.5 6.0 5.7 5.6 5.9 6.1 7.2 Nsl1 

ENSMUSG00000022657 7.2 7.1 7.5 7.4 7.2 7.5 8.0 8.9 Cd96 

ENSMUSG00000015441 2.1 2.2 2.4 2.8 2.1 2.3 3.9 4.2 Gzmf 

ENSMUSG00000029075 5.7 6.2 7.5 7.2 6.0 7.1 8.9 8.6 Tnfrsf4 

ENSMUSG00000019992 4.8 5.1 5.8 5.6 4.6 5.0 6.1 7.0 Mtfr2 

ENSMUSG00000033031 7.1 7.1 7.2 7.6 7.2 7.0 7.8 9.0 Cip2a 

ENSMUSG00000027699 7.2 7.0 6.9 7.3 6.9 7.2 7.4 8.7 Ect2 

ENSMUSG00000049932 8.5 7.9 8.2 7.9 8.4 8.3 8.2 9.3 H2ax 

ENSMUSG00000076499 4.1 4.2 4.4 4.3 4.1 4.3 4.6 5.7 Trbv31 

ENSMUSG00000031756 5.6 5.3 5.6 5.5 5.5 5.4 6.1 7.0 Cenpn 

ENSMUSG00000020573 8.5 7.9 8.5 8.3 8.9 8.5 9.4 9.7 Pik3cg 

ENSMUSG00000002835 7.4 7.0 7.1 7.2 7.5 7.5 7.6 8.6 Chaf1a 

ENSMUSG00000055612 7.4 7.3 6.9 7.5 7.4 7.3 7.7 8.9 Cdca7 

ENSMUSG00000021266 11.9 12.0 13.0 12.2 11.7 13.6 14.3 13.6 Wars 

ENSMUSG00000041831 6.5 6.4 7.4 6.8 6.3 6.8 8.1 8.2 Sytl3 

ENSMUSG00000049916 3.7 3.7 4.1 4.2 3.7 3.9 4.5 5.6 

2610318N02Ri

k 

ENSMUSG00000001281 9.7 9.3 9.5 9.7 9.7 10.1 10.0 11.1 Itgb7 

ENSMUSG00000030978 10.0 9.7 10.1 9.9 9.8 9.9 10.5 11.3 Rrm1 

ENSMUSG00000041272 6.3 6.0 6.4 6.2 6.3 6.4 6.7 7.6 Tox 

ENSMUSG00000029275 4.9 4.7 5.5 5.5 5.0 5.3 6.3 6.9 Gfi1 

ENSMUSG00000028896 7.6 7.8 8.0 7.9 7.6 7.7 8.4 9.3 Rcc1 

ENSMUSG00000062939 7.8 7.5 8.2 8.2 7.8 8.3 8.9 9.5 Stat4 

ENSMUSG00000029121 4.9 4.6 4.8 4.8 4.8 5.0 5.4 6.1 Crmp1 

ENSMUSG00000031827 11.4 11.0 11.7 11.7 11.4 11.5 12.3 13.0 Cotl1 

ENSMUSG00000004612 8.4 8.6 9.4 9.5 8.3 9.2 10.1 10.9 Nkg7 

ENSMUSG00000037020 7.0 6.8 7.0 6.4 6.8 6.8 7.5 7.7 Wdr62 

ENSMUSG00000030077 4.7 5.4 7.7 7.9 5.2 7.2 9.0 9.3 Chl1 

ENSMUSG00000026830 2.2 2.2 2.2 2.2 2.2 2.3 2.8 3.6 Ermn 

ENSMUSG00000002257 8.5 8.0 8.3 8.1 8.5 8.3 8.8 9.4 Def6 

ENSMUSG00000034023 5.3 5.5 5.4 5.5 5.6 5.5 5.7 6.9 Fancd2 

ENSMUSG00000015981 5.4 5.3 5.2 5.0 5.4 5.3 5.6 6.3 Stk32c 

ENSMUSG00000070691 7.9 7.6 9.0 8.7 8.2 8.4 9.5 10.0 Runx3 
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ENSMUSG00000029376 7.8 8.5 8.0 9.0 7.6 7.7 7.9 7.1 Mthfd2l 

ENSMUSG00000026357 7.8 8.2 8.2 9.3 7.9 7.5 7.5 7.5 Rgs18 

ENSMUSG00000039883 8.5 8.6 8.8 9.3 8.4 8.5 7.1 7.5 Lrrc17 

ENSMUSG00000078880 5.5 6.1 6.4 6.5 5.5 5.5 6.0 4.7 Gm14308 

ENSMUSG00000020928 9.4 10.3 9.8 10.4 9.6 9.7 8.8 8.7 Higd1b 

ENSMUSG00000074218 7.6 8.6 8.6 8.4 7.4 7.8 7.7 6.7 Cox7a1 

ENSMUSG00000038543 12.0 13.1 12.8 13.4 12.3 12.7 12.1 11.7 BC028528 

ENSMUSG00000020562 8.1 9.1 7.8 8.9 8.4 8.7 7.8 7.3 Efcab10 

ENSMUSG00000031780 7.5 9.6 9.6 9.2 8.2 9.0 7.6 7.5 Ccl17 

ENSMUSG00000064360 12.2 13.0 12.0 13.0 11.8 12.4 11.9 11.4 ND3 

ENSMUSG00000095304 10.5 11.2 11.3 11.5 10.4 10.8 10.1 9.9 Plac9a 

ENSMUSG00000040808 11.2 12.0 10.7 11.9 11.8 12.0 9.9 10.3 S100g 

ENSMUSG00000059136 5.7 6.3 6.7 7.1 6.2 5.9 6.2 5.5 Olfr539 

ENSMUSG00000028996 6.3 7.1 4.8 6.3 6.4 6.9 4.4 4.7 Rbp7 

ENSMUSG00000078889 7.7 9.1 8.3 9.4 8.5 8.5 7.6 7.8 Gm14288 

ENSMUSG00000029373 8.4 8.9 8.9 9.5 8.6 8.1 8.1 7.9 Pf4 

ENSMUSG00000038836 7.7 8.3 7.9 8.6 8.0 7.9 7.5 7.0 Agbl3 

ENSMUSG00000078861 8.5 9.3 8.6 10.1 8.7 8.8 8.2 8.5 Zfp931 

ENSMUSG00000028415 5.6 6.5 6.6 6.6 5.6 5.7 5.7 5.0 Spink4 

ENSMUSG00000078640 6.6 6.9 6.3 7.1 6.6 6.4 5.3 5.6 Gm11627 

ENSMUSG00000008822 9.0 9.5 8.9 10.0 9.1 9.1 8.5 8.5 Acyp1 

ENSMUSG00000038725 8.0 8.4 7.6 8.8 7.9 8.5 6.9 7.2 Pkhd1l1 

ENSMUSG00000073888 7.5 8.2 8.4 8.4 7.7 7.6 7.6 6.9 Ccl27a 

ENSMUSG00000075420 10.3 11.0 10.0 11.3 10.5 10.8 10.0 9.9 Smim6 

ENSMUSG00000051890 7.9 8.4 8.2 8.6 8.0 8.1 7.7 7.1 Klhdc1 

ENSMUSG00000078878 9.0 9.7 9.7 10.7 9.3 9.5 9.3 9.3 Gm14305 

ENSMUSG00000089951 5.6 6.6 6.4 7.6 5.9 6.0 5.6 6.2 Zfp968-ps 

ENSMUSG00000019761 6.7 7.3 7.0 7.6 6.8 6.9 6.4 6.1 Krt10 

ENSMUSG00000074093 9.3 9.7 9.2 9.9 9.2 9.2 8.7 8.5 Svip 

ENSMUSG00000074527 8.8 9.3 9.4 10.2 9.2 9.2 9.1 8.8 Gm14296 

ENSMUSG00000055963 7.8 8.7 8.1 9.0 8.0 8.2 7.9 7.6 Triqk 

ENSMUSG00000078867 7.1 7.8 7.7 8.5 7.6 7.6 6.6 7.1 Gm14418 

ENSMUSG00000052305 15.4 17.2 17.5 18.0 15.8 15.4 15.2 16.6 Hbb-b1 

ENSMUSG00000025488 7.2 8.0 7.7 7.6 6.9 7.2 6.8 6.2 Cox8b 

ENSMUSG00000038801 8.3 8.8 8.0 8.3 7.8 8.1 7.4 7.0 Scgb1c1 

ENSMUSG00000043421 11.5 12.1 12.5 12.6 11.6 11.6 11.6 11.2 Hilpda 

ENSMUSG00000022940 10.0 10.8 10.5 11.1 10.1 10.5 10.1 9.8 Pigp 

ENSMUSG00000000058 13.9 14.6 14.2 14.9 13.9 13.9 14.0 13.5 Cav2 



191 

 

ENSMUSG00000020469 11.0 11.6 11.8 11.3 10.5 11.1 10.8 10.0 Myl7 

ENSMUSG00000041476 7.2 8.2 8.0 7.9 6.9 7.3 7.2 6.6 Smpx 

ENSMUSG00000061882 6.9 7.4 7.5 7.9 7.2 7.1 6.8 6.6 Ccdc62 

ENSMUSG00000078897 8.5 9.5 9.4 10.4 8.9 9.1 8.8 9.1 Gm4724 

ENSMUSG00000051234 11.5 12.0 12.0 12.5 11.6 11.6 11.6 11.2 Rnf7 

ENSMUSG00000039672 9.8 9.8 9.4 9.8 10.1 9.9 8.8 8.5 Kcne2 

ENSMUSG00000044408 11.1 11.9 11.5 12.3 11.2 11.4 11.3 11.0 Sptssa 

ENSMUSG00000038086 8.2 8.8 8.7 9.3 8.3 8.4 8.3 8.0 Hspb2 

ENSMUSG00000064358 17.0 18.1 17.5 17.9 17.2 17.7 16.8 16.6 COX3 

ENSMUSG00000025893 7.8 8.5 8.1 8.9 8.0 8.2 7.7 7.6 Kbtbd3 

ENSMUSG00000029372 8.6 8.1 7.5 8.4 8.5 7.4 6.6 7.1 Ppbp 

ENSMUSG00000027574 9.7 10.3 9.5 10.2 9.6 9.8 9.0 9.0 Nkain4 

ENSMUSG00000044349 8.3 9.2 8.4 9.1 8.8 8.9 7.9 7.8 Snhg11 

ENSMUSG00000074457 12.3 12.8 13.0 13.2 12.4 12.5 12.3 11.9 S100a16 

ENSMUSG00000076434 6.0 6.5 6.3 6.2 5.8 5.9 5.6 5.0 Wfdc3 

ENSMUSG00000032766 11.9 12.5 12.0 12.6 11.9 12.1 11.4 11.3 Gng11 

ENSMUSG00000031176 12.2 12.8 12.6 13.2 12.5 12.4 12.3 11.9 Dynlt3 

ENSMUSG00000078870 8.0 8.6 8.4 9.4 8.3 8.4 8.1 8.2 Gm14410 

ENSMUSG00000078894 8.1 8.7 9.0 9.3 8.4 8.5 8.2 8.1 
2210418O10Ri

k 

ENSMUSG00000020444 10.9 11.5 11.2 11.8 11.0 11.2 10.8 10.5 Guk1 

ENSMUSG00000023829 4.8 5.5 5.2 5.5 4.6 4.8 4.5 4.3 Slc22a1 

ENSMUSG00000067847 10.0 10.7 10.5 10.9 10.0 10.2 9.8 9.7 Romo1 

ENSMUSG00000108763 4.8 5.3 5.0 5.6 4.9 4.9 4.3 4.4 Gm36028 

ENSMUSG00000028229 8.9 9.5 9.4 10.0 9.2 9.3 8.9 8.8 Rmdn1 

ENSMUSG00000005705 5.6 6.0 5.6 6.1 5.6 5.7 5.4 4.9 Agrp 

ENSMUSG00000030703 6.1 6.8 6.7 7.3 6.3 6.5 6.1 6.1 Gdpd3 

ENSMUSG00000078864 6.5 7.4 6.8 7.7 6.8 7.0 5.8 6.5 Gm14322 

ENSMUSG00000032246 9.3 9.9 8.7 9.6 9.3 9.6 8.4 8.4 Calml4 

ENSMUSG00000089661 6.0 6.7 5.9 6.4 6.0 6.2 5.6 5.2 Mia 

ENSMUSG00000045106 5.5 6.1 6.3 6.7 5.9 6.1 5.5 5.5 Ccdc73 

ENSMUSG00000073940 12.3 14.2 14.3 14.5 12.7 12.4 11.9 13.4 Hbb-bt 

ENSMUSG00000078896 6.7 7.6 7.1 8.2 7.0 7.0 6.6 7.0 Zfp965 

ENSMUSG00000051319 9.1 9.7 9.6 10.0 9.1 9.3 9.0 8.9 Mtln 

ENSMUSG00000027530 6.7 7.3 6.7 7.5 6.9 7.0 6.3 6.3 Fabp12 

ENSMUSG00000028445 8.8 8.9 9.0 8.9 8.5 8.5 8.2 7.7 Enho 

ENSMUSG00000095362 8.3 9.2 8.9 10.0 8.7 8.9 8.7 8.9 Gm14325 

ENSMUSG00000032067 10.3 11.0 10.8 11.4 10.5 10.7 10.3 10.2 Pts 

ENSMUSG00000046814 6.0 6.4 5.4 6.1 6.1 5.9 4.7 4.9 Gchfr 

ENSMUSG00000075408 8.8 9.2 9.0 9.2 8.8 8.8 8.0 8.0 Smim41 

ENSMUSG00000066233 9.1 9.6 9.5 10.0 9.5 9.4 9.1 8.8 Tmem42 

ENSMUSG00000061086 11.2 11.6 11.8 11.3 10.7 11.2 10.9 10.1 Myl4 
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ENSMUSG00000001865 7.9 8.2 6.4 8.0 8.0 7.6 6.0 6.8 Cpa3 

ENSMUSG00000051989 9.7 10.3 10.0 10.6 9.9 9.9 9.5 9.5 Smim11 

ENSMUSG00000078879 7.5 8.1 7.6 8.6 7.6 7.7 7.2 7.5 Zfp973 

ENSMUSG00000078898 5.9 6.7 5.4 7.3 6.2 6.0 5.5 6.1 Zfp968 

ENSMUSG00000024592 8.7 9.3 9.2 10.0 8.8 8.9 8.6 8.8 
C330018D20Ri

k 

ENSMUSG00000019909 8.4 9.3 8.9 9.1 8.3 8.5 7.8 8.0 Fam162b 

ENSMUSG00000040370 9.5 9.9 9.6 10.3 9.6 9.6 9.4 9.1 Etfrf1 

ENSMUSG00000000579 7.3 7.9 7.3 7.9 7.4 7.5 7.1 6.8 Dynlt1c 

ENSMUSG00000031927 6.4 6.5 5.8 6.0 6.0 6.1 5.6 4.9 
1700012B09Ri

k 

ENSMUSG00000028139 8.1 8.6 7.2 8.1 8.3 8.5 6.8 7.0 Riiad1 

ENSMUSG00000020836 6.9 7.1 7.8 7.2 7.0 6.7 6.8 6.1 Coro6 

ENSMUSG00000074519 7.8 8.4 8.2 9.3 8.1 8.3 8.0 8.2 Zfp971 

ENSMUSG00000001105 10.8 11.4 11.2 11.8 11.0 11.0 10.6 10.7 Ift20 

ENSMUSG00000022132 9.9 10.5 9.4 10.6 9.7 10.2 9.6 9.5 Cldn10 

ENSMUSG00000027022 5.8 6.2 5.9 6.1 5.6 6.1 5.0 5.0 Xirp2 

ENSMUSG00000008540 13.4 14.2 13.7 14.2 13.5 13.9 13.8 13.1 Mgst1 

ENSMUSG00000006717 10.0 10.7 10.3 11.0 10.1 10.3 9.9 9.9 Acot13 

ENSMUSG00000026939 8.3 8.6 8.4 9.0 8.3 8.4 8.0 8.0 Tmem141 

ENSMUSG00000043501 5.8 6.7 6.1 7.0 6.0 6.5 5.4 5.9 Lgals2 

ENSMUSG00000018893 10.4 10.8 10.4 9.7 9.9 10.2 9.8 8.6 Mb 

ENSMUSG00000022987 9.2 9.5 9.7 9.4 9.0 9.0 9.2 8.3 Zfp641 

ENSMUSG00000055093 3.0 4.0 3.8 4.2 4.8 4.3 2.9 3.1 Rps27a-ps3 

ENSMUSG00000031767 8.9 9.5 9.2 9.7 9.0 9.2 9.0 8.6 Nudt7 

ENSMUSG00000090509 11.1 11.8 11.6 11.9 11.5 11.7 11.3 10.8 Sfta2 

ENSMUSG00000051736 6.5 7.1 6.7 7.3 6.7 6.8 6.3 6.3 Fam229b 

ENSMUSG00000031789 5.7 6.1 5.7 6.0 5.7 5.8 5.3 5.0 Cngb1 

ENSMUSG00000053310 9.1 8.3 8.6 8.7 8.9 7.5 7.5 7.7 Nrgn 

ENSMUSG00000026304 6.0 6.4 5.7 6.5 6.1 6.3 5.7 5.5 Rab17 

ENSMUSG00000078903 8.5 9.4 9.2 9.9 8.9 8.8 8.5 8.8 Gm14391 

ENSMUSG00000070385 5.2 5.4 4.7 5.4 5.1 5.4 4.6 4.3 Ampd1 

ENSMUSG00000037499 10.9 11.5 11.4 11.7 11.0 11.2 10.9 10.6 Nenf 

ENSMUSG00000064351 18.2 19.2 18.7 18.9 18.5 18.8 17.9 17.8 COX1 

ENSMUSG00000054626 7.9 8.6 8.4 8.9 8.3 8.3 8.3 7.9 Xlr  

ENSMUSG00000061397 8.8 8.5 8.6 8.3 8.8 8.8 8.9 7.3 Krt79 

ENSMUSG00000031667 11.2 11.3 10.9 11.3 11.1 11.1 10.4 10.3 Aktip 

ENSMUSG00000030158 5.8 6.4 6.2 6.3 6.0 6.0 5.0 5.2 Clec12b 

ENSMUSG00000091971 7.6 10.1 8.0 7.3 7.9 8.2 7.2 8.3 Hspa1a 

ENSMUSG00000035458 10.4 10.8 10.7 10.2 9.8 10.3 10.0 9.2 Tnni3 

ENSMUSG00000064370 16.9 17.6 16.7 17.0 17.1 17.3 16.0 16.0 CYTB 

ENSMUSG00000060962 9.5 9.9 9.6 10.2 9.6 9.8 8.7 9.2 Dmkn 
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ENSMUSG00000033768 8.5 8.5 8.1 7.9 8.3 8.1 7.6 6.9 Nrxn2 

ENSMUSG00000030386 8.6 8.9 8.7 9.2 8.8 8.6 8.5 8.2 Zfp606 

ENSMUSG00000064345 16.4 17.0 15.9 16.3 16.4 16.6 15.5 15.3 ND2 

ENSMUSG00000084897 6.5 7.3 6.5 6.9 6.4 6.9 6.3 5.9 a 

ENSMUSG00000001313 8.5 8.6 8.5 8.5 8.4 8.4 7.8 7.5 Rnd2 

ENSMUSG00000031613 14.5 14.7 15.1 14.3 14.4 14.3 14.9 13.3 Hpgd 

ENSMUSG00000003955 10.0 10.6 10.2 11.0 10.2 10.3 9.5 10.0 Fam162a 

ENSMUSG00000034353 10.2 10.5 10.2 10.7 10.5 10.3 10.0 9.7 Ramp1 

ENSMUSG00000024479 13.6 13.5 13.4 13.7 13.5 13.1 13.2 12.8 Mal2 

ENSMUSG00000028716 9.7 10.1 9.7 10.2 9.8 10.0 9.3 9.3 Pdzk1ip1 

ENSMUSG00000024067 10.3 11.2 10.6 11.5 10.5 10.8 10.3 10.5 Dpy30 

ENSMUSG00000028549 7.6 8.5 8.0 9.0 7.9 8.2 7.6 8.0 Itgb3bp 

ENSMUSG00000056870 10.0 10.1 9.8 10.1 9.9 9.8 9.5 9.2 Gulp1 

ENSMUSG00000009646 3.3 3.6 3.7 3.9 3.4 3.3 3.0 2.9 Pla2g12b 

ENSMUSG00000063172 8.5 9.2 8.6 9.5 8.8 9.0 8.4 8.5 Hspb11 

ENSMUSG00000066000 7.2 7.5 6.6 7.8 7.3 7.2 6.5 6.8 Zfp979 

ENSMUSG00000037493 8.7 9.1 8.9 9.1 9.0 9.0 8.6 8.2 Cib2 

ENSMUSG00000064367 15.9 16.6 15.9 16.1 16.2 16.4 15.3 15.1 ND5 

ENSMUSG00000041353 8.5 9.2 8.8 9.6 8.8 9.0 8.4 8.7 Tmem29 

ENSMUSG00000029403 9.7 9.8 9.5 9.9 9.7 9.6 9.1 8.9 Cdkl2 

ENSMUSG00000001039 8.9 9.5 9.1 9.6 8.9 9.2 8.7 8.6 B9d1 

ENSMUSG00000041380 4.9 5.1 5.1 5.3 4.9 4.9 5.2 4.3 Htr2c 

ENSMUSG00000112022 2.1 2.2 3.5 3.8 3.8 2.9 2.3 2.8 Gm2436 

ENSMUSG00000059741 6.4 6.8 6.8 6.1 5.9 6.3 6.0 5.2 Myl3 

ENSMUSG00000064368 14.8 15.4 14.7 15.0 15.0 15.2 14.2 14.1 ND6 

ENSMUSG00000064363 16.7 17.3 16.2 16.6 16.9 17.0 15.5 15.6 ND4 

ENSMUSG00000055862 8.7 9.1 8.8 8.9 8.8 8.9 8.3 8.0 Izumo4 

ENSMUSG00000064357 17.0 17.7 16.9 17.3 17.2 17.4 16.4 16.3 ATP6 

ENSMUSG00000025381 11.1 11.7 11.3 12.0 11.2 11.4 10.9 11.0 Cnpy2 

ENSMUSG00000023046 12.6 12.6 12.6 12.3 12.2 12.2 11.9 11.4 Igfbp6 

ENSMUSG00000057103 6.4 6.9 6.9 7.4 6.6 6.4 6.3 6.5 Nat8f1 

ENSMUSG00000073834 3.5 3.2 3.6 3.7 3.2 3.5 3.7 2.8 Mup11 

ENSMUSG00000033429 9.7 10.2 9.5 10.0 9.8 9.9 9.1 9.1 Mcee 

ENSMUSG00000040473 8.8 9.0 8.9 9.0 8.9 9.2 8.4 8.0 Cfap69 

ENSMUSG00000075605 4.8 5.2 4.5 4.8 4.6 5.1 4.3 3.9 Slurp2 

ENSMUSG00000091476 6.9 6.9 6.9 6.9 6.9 6.8 7.0 6.0 Catspere2 

ENSMUSG00000063179 8.6 9.0 8.6 9.5 8.7 8.8 8.2 8.6 Pstk 

ENSMUSG00000027499 10.1 10.6 10.1 10.8 10.3 10.1 9.8 9.9 Pkia 

ENSMUSG00000051671 8.3 8.9 8.7 9.3 8.5 8.6 8.1 8.4 Coa6 

ENSMUSG00000027446 8.8 9.4 8.7 9.0 8.7 8.9 8.0 8.1 Cstdc2 

ENSMUSG00000037263 6.5 7.1 5.9 6.8 7.1 6.7 6.2 5.9 Aldh3b3 
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ENSMUSG00000025350 6.1 6.5 6.1 6.6 6.2 6.2 5.7 5.7 Rdh5 

ENSMUSG00000027133 10.4 11.1 10.8 11.4 10.5 10.8 10.3 10.5 Nop10 

ENSMUSG00000024136 5.1 5.7 5.5 5.9 5.3 5.6 5.2 5.0 Dnase1l2 

ENSMUSG00000035296 7.3 7.4 7.2 7.2 6.9 7.1 6.7 6.3 Sgcg 

ENSMUSG00000023993 6.0 5.8 5.8 5.7 5.8 5.1 5.1 4.8 Treml1 

ENSMUSG00000026394 4.1 5.0 4.0 5.1 4.4 4.5 3.8 4.2 Atp6v1g3 

ENSMUSG00000027318 6.6 7.1 6.6 6.8 6.7 6.7 6.2 5.9 Adam33 

ENSMUSG00000103711 6.8 7.3 6.3 6.7 6.4 6.7 6.2 5.8 Tstd1 

ENSMUSG00000046337 7.0 7.4 6.6 6.7 7.2 7.2 5.9 5.8 Fam178b 

ENSMUSG00000031775 10.7 11.0 10.4 10.8 10.8 10.7 10.0 9.9 Pllp 

ENSMUSG00000072647 6.1 6.2 6.0 6.3 6.2 6.0 5.3 5.4 Adam1a 

ENSMUSG00000014301 7.7 7.8 7.9 8.1 7.8 7.6 7.4 7.2 Pam16 

ENSMUSG00000028647 9.4 10.0 9.7 10.0 9.4 9.7 9.2 9.2 Mycbp 

ENSMUSG00000038583 8.6 9.4 9.0 9.1 8.5 8.8 8.0 8.2 Pln 

ENSMUSG00000073002 10.0 10.3 9.8 10.6 9.9 10.0 9.4 9.7 Vamp5 

ENSMUSG00000022525 3.3 3.5 3.4 3.7 3.2 3.2 3.3 2.9 Plaat1 

ENSMUSG00000023052 4.7 5.3 5.2 5.1 4.7 4.8 4.6 4.2 Npff 

ENSMUSG00000042807 10.1 10.4 11.0 10.4 10.3 10.0 10.4 9.5 Hecw2 

ENSMUSG00000078899 11.0 11.3 10.4 11.6 11.2 11.0 10.0 10.8 Gm14430 

ENSMUSG00000053226 7.6 7.8 7.6 8.0 7.5 7.6 7.0 7.2 Dand5 

ENSMUSG00000031347 10.7 11.3 10.7 11.4 10.9 11.0 10.5 10.6 Cetn2 

ENSMUSG00000035967 9.6 10.0 9.7 9.9 9.8 9.7 9.3 9.0 Ints6l 

ENSMUSG00000028407 7.4 8.2 7.9 8.2 7.4 7.8 7.1 7.3 Smim27 

ENSMUSG00000063652 6.1 6.2 6.2 6.3 6.1 6.0 6.0 5.4 Slc22a21 

ENSMUSG00000064341 16.3 16.8 16.1 16.3 16.5 16.7 15.7 15.4 ND1 

ENSMUSG00000026692 6.0 6.3 6.1 6.0 5.7 5.9 6.0 5.2 Fmo4 

ENSMUSG00000034161 7.9 7.4 7.3 7.5 7.8 7.1 6.7 6.7 Scx 

ENSMUSG00000072915 7.5 7.8 7.0 7.8 7.5 7.4 6.6 6.9 Gm12258 

ENSMUSG00000021643 7.7 8.0 7.0 7.9 7.8 7.7 6.4 7.1 Serf1 

ENSMUSG00000020096 6.7 6.8 7.0 6.9 6.4 6.5 5.9 6.1 Tbata 

ENSMUSG00000032679 10.3 10.4 10.2 10.4 10.4 10.4 9.8 9.6 Cd59a 

ENSMUSG00000036552 9.6 10.1 10.0 9.9 9.7 9.6 9.4 9.1 Ermard 

ENSMUSG00000064354 16.8 17.7 17.0 17.3 16.9 17.5 16.4 16.5 COX2 

ENSMUSG00000026574 12.7 13.2 13.0 13.0 12.6 12.9 12.6 12.2 Dpt 

ENSMUSG00000043633 7.0 7.7 7.9 8.0 7.0 7.4 6.6 7.2 Fam221b 

ENSMUSG00000059762 5.1 5.6 5.6 5.9 5.3 5.4 5.0 5.1 Olfr767 

ENSMUSG00000072640 7.5 8.4 7.9 8.6 7.8 7.8 7.3 7.8 Lyrm9 

ENSMUSG00000010538 6.2 6.8 6.5 6.9 6.3 6.4 6.0 6.1 Tsacc 

ENSMUSG00000064356 14.3 14.8 13.7 14.3 14.4 14.2 13.7 13.6 ATP8 

 



195 

 

Antiviral response (top 200 genes) 

Ensembl  ID 

pri_

0 

pri_

1 

pri_

2 

pri_

3 

sec_

0 

sec_

1 

sec_

2 

sec_

3 Symbol 

ENSMUSG00000048806 3.6 6.4 9.6 8.6 3.6 4.4 8.3 5.6 Ifnb1 

ENSMUSG00000029417 6.6 9.3 12.3 11.2 7.6 12.4 14.0 13.6 Cxcl9 

ENSMUSG00000056054 10.8 12.1 14.4 14.2 11.0 11.8 13.7 11.8 S100a8 

ENSMUSG00000056071 11.3 12.4 14.8 14.4 11.5 12.2 14.4 12.2 S100a9 

ENSMUSG00000079597 4.5 6.1 8.3 8.1 4.7 5.6 7.9 6.1 Cstdc4 

ENSMUSG00000110234 6.9 7.5 7.9 8.8 6.8 5.6 7.9 6.9 Timm10b 

ENSMUSG00000051748 7.4 8.5 9.6 9.2 8.4 8.4 8.9 7.4 Wfdc21 

ENSMUSG00000050621 9.9 11.5 12.3 12.7 9.8 11.2 10.8 10.8 Rps27rt 

ENSMUSG00000040026 8.2 11.3 17.3 16.3 7.7 11.4 15.9 14.5 Saa3 

ENSMUSG00000022579 12.4 13.2 13.7 13.1 12.4 12.6 13.0 11.3 Gpihbp1 

ENSMUSG00000074115 3.6 4.9 9.6 8.2 3.5 4.5 7.4 6.4 Saa1 

ENSMUSG00000095620 5.7 7.4 8.7 8.7 6.0 6.6 8.2 7.0 Csta2 

ENSMUSG00000022661 11.9 12.8 14.4 14.0 12.2 12.5 13.9 12.3 Cd200 

ENSMUSG00000024049 8.4 8.8 11.0 10.6 8.4 8.4 10.6 9.0 Myom1 

ENSMUSG00000058427 4.8 8.4 11.3 9.6 4.9 6.6 10.8 7.9 Cxcl2 

ENSMUSG00000025746 4.6 9.2 11.3 10.3 4.9 7.2 10.2 8.6 Il6 

ENSMUSG00000026073 6.0 6.9 11.7 10.1 6.1 7.0 11.7 8.5 Il1r2 

ENSMUSG00000029380 5.9 10.0 12.1 10.3 6.1 8.1 10.7 8.8 Cxcl1 

ENSMUSG00000044258 12.8 13.4 14.2 13.9 12.8 12.9 13.7 12.4 Ctla2a 

ENSMUSG00000091119 7.9 8.4 9.2 8.9 7.8 8.1 9.3 7.4 Ccdc152 

ENSMUSG00000030124 6.1 6.7 8.6 7.5 6.4 6.9 8.7 9.1 Lag3 

ENSMUSG00000059657 5.8 6.7 8.7 8.5 5.6 6.3 8.5 7.0 Stfa2l1 

ENSMUSG00000057465 2.9 3.4 6.7 5.4 2.8 3.2 4.9 3.9 Saa2 

ENSMUSG00000091898 8.7 9.4 9.7 9.1 8.2 8.7 8.8 7.6 Tnnc1 

ENSMUSG00000053797 2.6 2.9 5.6 4.8 2.6 2.8 4.9 3.3 Krt16 

ENSMUSG00000014592 8.5 9.2 9.9 9.8 8.5 8.9 9.2 8.3 Camta1 

ENSMUSG00000038580 2.8 3.4 6.1 5.0 2.8 3.0 4.8 3.5 Sct 

ENSMUSG00000050440 7.0 7.8 8.1 7.6 6.2 7.1 7.7 6.2 Hamp 

ENSMUSG00000018916 7.1 8.7 9.7 8.8 7.2 7.7 8.3 7.4 Csf2 

ENSMUSG00000083705 5.6 6.8 7.3 8.0 5.8 6.5 6.2 6.5 Gm8624 

ENSMUSG00000067297 7.2 8.2 9.4 9.2 7.1 7.5 8.9 7.8 Ifit1bl2 

ENSMUSG00000029379 4.7 7.7 9.7 8.2 4.5 5.8 9.2 6.8 Cxcl3 

ENSMUSG00000064373 15.7 16.4 16.8 16.8 15.8 15.9 16.4 15.4 Selenop 

ENSMUSG00000039699 7.5 8.3 9.6 9.0 7.5 9.7 10.5 10.4 Batf2 

ENSMUSG00000078350 9.6 10.3 10.6 10.7 9.7 9.9 10.2 9.4 Smim1 

ENSMUSG00000028270 12.0 13.1 14.8 14.0 11.8 14.7 16.0 15.3 Gbp2 

ENSMUSG00000041481 9.0 10.0 12.1 11.0 9.3 11.5 13.1 12.4 Serpina3g 

ENSMUSG00000094810 8.5 9.6 10.6 10.3 8.7 8.9 8.9 9.0 Olfr907 

ENSMUSG00000045322 7.0 6.8 8.7 8.2 7.3 7.5 9.2 9.5 Tlr9 



196 

 

ENSMUSG00000053338 4.5 4.9 7.8 7.3 4.4 5.7 9.1 8.6 Tarm1 

ENSMUSG00000022018 10.8 11.5 13.8 12.5 10.5 10.6 13.3 11.2 Rgcc 

ENSMUSG00000049537 6.2 6.5 7.3 7.0 6.1 6.1 6.9 5.7 Tecrl 

ENSMUSG00000042265 6.9 7.5 10.4 9.6 7.2 7.3 10.4 8.3 Trem1 

ENSMUSG00000040010 7.8 8.0 9.1 8.4 8.0 8.5 9.6 9.6 Slc7a5 

ENSMUSG00000066363 7.8 9.4 12.4 10.8 7.8 11.1 12.8 12.0 Serpina3f 

ENSMUSG00000059128 3.0 4.2 7.3 5.6 3.0 3.5 6.5 4.4 Ifnl2 

ENSMUSG00000029371 5.7 7.7 10.1 9.5 6.2 7.8 10.3 8.3 Cxcl5 

ENSMUSG00000041754 6.1 6.8 8.4 8.5 6.2 6.9 7.9 7.3 Trem3 

ENSMUSG00000105504 9.5 11.3 12.9 12.0 9.4 12.5 13.8 13.2 Gbp5 

ENSMUSG00000027398 8.6 10.7 12.8 12.4 9.3 10.4 12.7 11.2 Il1b 

ENSMUSG00000033715 11.4 11.6 13.8 12.8 11.2 11.1 14.1 11.6 Akr1c14 

ENSMUSG00000060747 2.6 3.2 5.8 4.3 2.6 2.8 4.9 3.1 Ifnl3 

ENSMUSG00000026921 13.4 13.8 14.0 13.8 13.4 13.4 13.5 12.7 Egfl7 

ENSMUSG00000001025 13.0 13.8 14.9 15.0 13.2 13.5 14.4 13.9 S100a6 

ENSMUSG00000019122 9.5 10.8 12.3 12.4 10.1 10.4 11.4 11.3 Ccl9 

ENSMUSG00000041571 13.1 13.8 14.8 14.6 13.1 13.4 14.1 13.5 Selenow 

ENSMUSG00000026475 5.5 7.4 8.3 7.4 6.2 7.0 8.2 8.6 Rgs16 

ENSMUSG00000002769 7.2 7.9 8.3 7.8 7.4 7.4 8.1 6.6 Gnmt 

ENSMUSG00000058869 2.6 2.6 4.2 4.3 2.6 2.7 4.1 3.2 Gm4832 

ENSMUSG00000078853 10.7 12.4 13.6 13.0 10.7 13.7 14.7 14.1 Igtp 

ENSMUSG00000038067 3.4 4.3 8.7 6.0 3.2 3.9 7.8 4.8 Csf3 

ENSMUSG00000025283 12.3 13.1 14.2 14.2 12.6 12.8 13.8 13.1 Sat1 

ENSMUSG00000027368 6.7 7.0 8.7 7.9 6.7 7.3 9.1 9.0 Dusp2 

ENSMUSG00000118537 6.3 6.9 7.8 8.0 6.4 6.7 7.7 6.9 Shld3 

ENSMUSG00000031519 4.5 5.0 6.1 5.7 4.5 4.8 5.8 4.6 Asb5 

ENSMUSG00000018171 11.2 12.2 13.3 13.4 11.3 11.9 12.7 12.3 Vmp1 

ENSMUSG00000044103 6.6 7.3 9.3 8.9 6.8 7.4 9.2 7.8 Il36g 

ENSMUSG00000026058 4.5 5.1 5.6 4.6 4.3 4.7 5.3 5.6 Khdrbs2 

ENSMUSG00000064259 8.9 10.2 11.0 10.7 9.2 9.4 9.4 9.6 Vmn1r13 

ENSMUSG00000038217 7.8 8.3 9.4 9.0 7.8 7.8 9.3 7.9 Tlcd2 

ENSMUSG00000113337 16.6 17.6 18.9 18.5 16.4 17.1 16.9 17.4 Gm19220 

ENSMUSG00000035373 5.8 10.8 13.0 13.0 6.2 10.1 12.7 12.0 Ccl7 

ENSMUSG00000016758 8.1 8.5 8.9 8.9 8.3 8.3 8.4 7.8 Bik 

ENSMUSG00000029212 6.5 7.6 8.4 8.1 6.8 7.0 7.1 7.1 Gabrb1 

ENSMUSG00000060703 10.7 11.5 12.5 12.3 10.9 11.2 12.1 11.2 Cd302 

ENSMUSG00000020090 7.4 8.3 9.2 8.9 7.7 7.6 7.7 7.9 Npffr1 

ENSMUSG00000000392 5.1 6.3 7.1 6.7 5.4 5.7 6.4 5.6 Fap 

ENSMUSG00000043939 5.7 6.7 8.7 8.0 5.7 6.2 7.7 6.9 
A530064D06Ri

k 

ENSMUSG00000062480 4.7 4.8 6.6 5.9 4.7 4.6 5.9 4.8 Acat3 

ENSMUSG00000030790 8.5 8.8 11.5 9.8 8.4 8.1 10.6 8.8 Adm 
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ENSMUSG00000060445 4.0 4.2 5.1 5.0 3.7 4.1 4.9 3.9 Sycp2 

ENSMUSG00000038037 7.0 7.9 9.5 8.6 7.1 8.9 9.8 9.6 Socs1 

ENSMUSG00000028145 8.1 8.6 9.4 9.1 8.2 8.2 9.1 8.1 Them4 

ENSMUSG00000039196 5.9 6.8 10.5 9.7 6.1 7.3 10.4 8.6 Orm1 

ENSMUSG00000071001 8.0 7.8 9.0 8.5 7.8 7.7 8.6 7.5 Hrct1 

ENSMUSG00000021930 10.0 10.8 11.7 11.3 10.1 10.4 11.3 10.3 Spryd7 

ENSMUSG00000048636 4.4 4.5 7.2 5.9 4.3 3.9 5.8 4.9 
A730049H05Ri

k 

ENSMUSG00000026104 12.1 13.5 14.0 13.7 12.1 14.0 14.4 14.8 Stat1 

ENSMUSG00000023341 7.0 10.6 11.5 10.4 6.8 8.8 10.8 9.4 Mx2 

ENSMUSG00000023905 9.5 10.4 12.5 11.7 9.6 9.6 11.7 10.7 Tnfrsf12a 

ENSMUSG00000096719 4.0 4.3 6.5 5.8 3.9 4.6 6.2 4.8 Mrgpra2b 

ENSMUSG00000037321 10.9 11.7 13.1 12.3 10.9 12.5 13.7 13.3 Tap1 

ENSMUSG00000027713 5.6 5.8 6.3 6.2 5.9 5.7 5.9 5.2 
1810062G17Ri

k 

ENSMUSG00000046792 8.4 8.7 9.6 9.5 8.6 8.6 9.4 8.5 Zfp787 

ENSMUSG00000024235 8.1 9.1 10.6 10.0 8.3 8.7 10.1 9.0 Map3k8 

ENSMUSG00000073555 8.5 10.3 11.1 10.6 8.7 11.1 12.0 11.6 Gm4951 

ENSMUSG00000032372 10.1 11.1 11.3 11.2 10.2 10.3 11.0 10.3 Plscr2 

ENSMUSG00000027959 8.8 10.2 11.2 10.8 8.9 9.4 9.6 9.9 Sass6 

ENSMUSG00000041681 3.1 2.9 4.2 4.0 2.9 2.8 3.3 3.0 Iapp 

ENSMUSG00000048852 7.5 9.1 9.9 9.6 7.6 10.3 10.7 10.6 Gm12185 

ENSMUSG00000057181 8.8 9.5 10.1 10.2 9.0 9.1 9.1 9.3 5730455P16Rik 

ENSMUSG00000082368 11.2 12.5 13.3 13.1 11.6 11.8 11.9 12.2 Gm11225 

ENSMUSG00000033576 6.0 7.2 9.4 8.3 5.9 8.6 10.1 9.3 Apol6 

ENSMUSG00000024232 9.6 9.8 9.9 9.8 9.5 9.5 9.6 8.9 Bambi 

ENSMUSG00000074874 8.0 8.7 9.5 9.3 8.0 7.9 9.1 8.4 Ctla2b 

ENSMUSG00000022938 4.4 4.8 6.9 5.9 4.7 4.6 7.0 5.0 Fam3b 

ENSMUSG00000006281 9.4 9.6 11.0 10.9 9.6 9.4 10.4 10.0 Tep1 

ENSMUSG00000044748 3.7 4.2 6.3 4.8 4.3 4.5 5.8 3.9 Defb1 

ENSMUSG00000068606 6.2 8.5 9.6 9.2 6.3 9.8 10.6 10.1 Gm4841 

ENSMUSG00000025383 4.7 5.6 6.3 6.0 4.8 4.9 5.4 5.1 Il23a 

ENSMUSG00000070427 8.5 9.8 11.6 11.3 8.6 10.6 12.2 12.2 Il18bp 

ENSMUSG00000000247 3.0 3.5 4.6 4.0 3.0 3.5 4.7 4.8 Lhx2 

ENSMUSG00000032661 7.4 9.4 11.1 10.5 7.7 9.7 11.4 11.4 Oas3 

ENSMUSG00000104713 10.8 12.5 13.8 13.1 10.9 13.4 14.6 14.0 Gbp6 

ENSMUSG00000028359 4.6 5.0 6.1 5.3 4.3 4.4 5.9 4.4 Orm3 

ENSMUSG00000025971 8.8 9.3 10.0 10.0 8.9 9.1 9.8 9.1 Maip1 

ENSMUSG00000018899 11.9 12.5 13.3 12.6 11.9 13.3 14.0 13.5 Irf1 

ENSMUSG00000025576 6.0 6.1 7.2 6.1 5.6 5.8 6.8 5.2 Rbfox3 

ENSMUSG00000040139 7.7 8.1 8.8 8.9 7.9 8.0 8.6 8.0 9430038I01Rik 

ENSMUSG00000028982 8.0 8.9 9.3 9.0 8.0 8.2 8.8 8.1 Slc25a33 
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ENSMUSG00000038352 8.0 8.5 9.7 9.8 8.1 8.6 9.0 9.0 Arl5c 

ENSMUSG00000050772 6.2 6.8 7.6 7.5 6.2 6.4 6.3 6.6 Olfr1124 

ENSMUSG00000027859 3.6 3.8 4.6 4.7 3.6 3.5 4.0 3.8 Ngf 

ENSMUSG00000090942 6.8 8.5 9.5 8.9 7.2 9.4 10.2 9.7 
F830016B08Ri

k 

ENSMUSG00000030587 8.5 8.8 9.8 10.0 8.5 8.6 9.4 9.1 
2200002D01Ri

k 

ENSMUSG00000092021 4.9 7.1 8.6 8.0 5.0 8.0 9.6 8.8 Gbp11 

ENSMUSG00000046879 10.7 12.1 13.4 12.9 10.6 13.0 14.4 13.7 Irgm1 

ENSMUSG00000040428 8.0 9.4 11.0 10.0 8.0 8.4 10.1 9.2 Plekha4 

ENSMUSG00000002728 10.6 11.4 12.3 12.1 10.6 11.0 11.9 11.3 Naa20 

ENSMUSG00000049092 6.4 6.1 6.8 6.5 6.0 5.9 6.9 5.7 Gpr137c 

ENSMUSG00000050549 8.9 9.4 10.2 10.1 8.9 9.3 10.2 9.3 Fam241a 

ENSMUSG00000029019 2.5 2.7 3.8 3.6 2.4 2.6 3.5 2.7 Nppb 

ENSMUSG00000078922 9.9 12.7 13.6 13.4 10.3 13.8 14.9 14.3 Tgtp1 

ENSMUSG00000046101 5.2 6.2 6.6 6.7 5.3 5.8 6.4 5.9 Mcmdc2 

ENSMUSG00000000394 2.4 3.2 4.0 3.3 2.4 2.5 2.9 2.5 Gcg 

ENSMUSG00000030317 6.6 6.1 7.9 7.3 6.6 6.3 7.3 6.5 Timp4 

ENSMUSG00000060205 6.5 7.5 8.3 8.2 6.6 7.1 7.0 7.4 Olfr57 

ENSMUSG00000099842 8.5 9.5 10.4 10.2 8.6 8.9 9.1 9.4 Gm4034 

ENSMUSG00000034987 6.0 6.4 7.9 7.5 6.2 7.2 8.6 8.4 Hrh2 

ENSMUSG00000026773 10.8 11.4 12.2 11.1 10.8 11.6 12.6 11.9 Pfkfb3 

ENSMUSG00000032051 10.1 10.4 11.4 10.7 10.1 10.1 11.1 9.9 Fdx1 

ENSMUSG00000056494 3.6 5.0 7.6 7.0 3.6 4.1 7.4 6.2 Cngb3 

ENSMUSG00000069874 11.2 12.3 12.8 12.5 11.1 13.2 13.5 13.4 Irgm2 

ENSMUSG00000017929 9.9 10.3 10.6 10.6 10.1 10.3 10.9 11.4 B4galt5 

ENSMUSG00000027487 8.5 8.9 9.1 9.8 8.1 8.8 8.7 8.9 Cdk5rap1 

ENSMUSG00000118250 7.5 8.8 9.7 9.4 7.8 8.2 8.3 8.6 Gm5234 

ENSMUSG00000030760 10.7 11.2 11.9 12.0 10.8 11.0 11.8 11.2 Acer3 

ENSMUSG00000055239 11.0 11.3 12.2 12.1 11.2 11.2 11.9 11.3 Kcmf1 

ENSMUSG00000111326 4.0 4.8 5.9 5.4 4.0 4.4 4.2 4.6 Gm3953 

ENSMUSG00000042451 3.5 5.4 5.8 4.8 3.3 3.6 5.0 4.0 Mybph 

ENSMUSG00000035352 5.5 9.3 10.7 10.9 5.9 8.5 10.8 10.1 Ccl12 

ENSMUSG00000047822 6.2 6.4 7.2 7.3 6.2 6.0 6.5 6.5 Angptl8 

ENSMUSG00000029875 7.9 7.9 8.9 8.4 7.6 7.5 7.9 7.6 Ccdc184 

ENSMUSG00000001627 11.1 11.6 12.8 12.3 10.8 11.1 12.5 11.5 Ifrd1 

ENSMUSG00000029780 9.7 11.1 12.5 12.0 9.8 10.5 12.2 11.2 Nt5c3 

ENSMUSG00000024087 8.2 8.2 9.5 9.1 8.3 8.6 9.7 9.9 Cyp1b1 

ENSMUSG00000019851 9.6 9.9 10.6 10.1 9.9 9.9 10.6 9.3 Perp 

ENSMUSG00000100595 2.3 2.5 3.4 3.3 2.3 2.3 2.2 2.5 Gm19087 

ENSMUSG00000067653 7.0 7.3 8.1 7.5 7.0 7.2 7.7 6.7 Ankrd23 

ENSMUSG00000029659 9.1 9.5 10.6 10.3 9.2 9.1 9.9 9.5 Medag 
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ENSMUSG00000028672 10.1 10.6 11.3 11.1 10.1 10.2 11.1 10.4 Hmgcl 

ENSMUSG00000024778 10.6 11.3 12.5 11.8 10.6 10.9 12.0 11.1 Fas 

ENSMUSG00000024575 5.4 6.4 7.2 7.0 5.5 6.0 6.0 6.2 Pde6a 

ENSMUSG00000046804 5.2 5.5 6.6 6.5 5.5 5.4 6.0 5.7 Phgr1 

ENSMUSG00000035692 9.5 13.4 14.9 14.4 9.4 12.2 14.5 13.6 Isg15 

ENSMUSG00000070323 4.5 4.9 5.5 5.7 4.3 4.4 4.9 5.0 Mmp27 

ENSMUSG00000037849 8.6 9.7 11.3 10.5 8.6 9.8 11.5 11.3 Ifi206 

ENSMUSG00000097657 4.4 5.0 5.4 5.3 4.6 4.4 4.4 4.5 Gm7389 

ENSMUSG00000061742 3.2 3.2 5.3 4.2 3.0 3.1 4.9 3.5 Slc22a12 

ENSMUSG00000042895 6.1 5.9 6.7 5.9 5.8 5.6 6.3 5.1 Abra 

ENSMUSG00000048562 5.0 5.6 6.5 6.2 5.1 5.2 5.2 5.5 Sp8 

ENSMUSG00000026180 8.1 8.3 10.2 9.6 8.2 8.4 10.2 8.8 Cxcr2 

ENSMUSG00000047446 9.9 10.4 11.5 10.9 10.0 10.2 11.2 10.1 Arl4a 

ENSMUSG00000067365 9.9 10.5 11.3 11.2 10.0 10.2 11.3 10.5 Tmem128 

ENSMUSG00000022708 11.4 12.3 13.0 12.8 11.7 11.7 11.6 12.0 Zbtb20 

ENSMUSG00000090698 6.5 7.4 8.4 7.6 7.2 7.3 7.8 6.8 Apold1 

ENSMUSG00000071562 3.0 3.4 4.5 4.2 3.2 3.0 4.1 3.5 Stfa1 

ENSMUSG00000021367 9.6 9.2 10.4 9.9 9.4 9.5 10.0 9.2 Edn1 

ENSMUSG00000053175 9.1 9.8 10.2 9.7 9.1 9.8 10.2 10.4 Bcl3 

ENSMUSG00000050777 9.9 10.2 12.0 11.3 9.7 9.7 11.7 10.5 Tmem37 

ENSMUSG00000063727 7.6 8.0 9.1 8.3 7.6 7.7 8.5 7.5 Tnfrsf11b 

ENSMUSG00000025176 7.7 8.0 8.9 8.1 7.6 7.9 8.7 7.4 Hoga1 

ENSMUSG00000029229 10.1 10.5 11.2 11.1 10.2 10.3 10.9 10.4 Chic2 

ENSMUSG00000025537 6.4 6.9 7.6 7.1 6.4 6.4 6.1 6.4 Phkg1 

ENSMUSG00000032327 3.9 4.0 4.8 4.0 4.0 4.0 4.6 4.7 Stra6 

ENSMUSG00000044285 7.1 7.7 8.5 8.6 7.0 7.5 7.9 7.9 Ubb-ps 

ENSMUSG00000053469 5.4 5.5 6.7 6.3 5.4 5.6 7.0 7.0 Tg 

ENSMUSG00000049502 10.4 11.4 12.0 11.5 10.4 11.6 12.5 12.3 Dtx3l 

ENSMUSG00000040253 11.1 12.2 12.8 12.5 11.1 12.9 13.6 13.2 Gbp7 

ENSMUSG00000020684 5.8 6.0 9.8 7.7 6.1 5.9 9.6 7.0 Rasl10b 

ENSMUSG00000029410 4.4 5.3 5.6 5.3 4.6 4.8 4.7 4.5 Ppef2 

ENSMUSG00000054072 11.5 13.8 14.8 14.3 11.5 14.6 15.9 15.1 Iigp1 

ENSMUSG00000037872 4.8 5.7 7.8 6.8 4.9 6.1 7.7 7.5 Ackr1 

ENSMUSG00000044938 6.3 7.1 7.8 7.6 6.3 6.6 6.5 6.9 Klhl31 

ENSMUSG00000079707 4.9 6.1 6.1 5.2 5.0 5.0 5.2 4.5 Dynlt2a1 

ENSMUSG00000013643 3.5 4.7 4.8 4.5 3.5 4.9 5.8 5.2 Lypd8 

ENSMUSG00000017316 3.6 4.0 5.0 4.7 3.6 3.5 4.4 4.0 Ppy 

ENSMUSG00000027399 7.6 8.6 9.6 9.1 7.4 8.2 9.6 8.4 Il1a 

ENSMUSG00000029134 8.9 9.1 10.4 9.6 8.8 8.8 9.9 8.9 Plb1 
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Cell structure (top 200 genes) 

Ensembl  ID 

pri_

0 

pri_

1 

pri_

2 

pri_

3 

sec_

0 

sec_

1 

sec_

2 

sec_

3 Symbol 

ENSMUSG00000076612 6.8 6.4 7.2 6.8 14.2 12.9 13.2 13.6 Ighg2c 

ENSMUSG00000028255 7.2 8.3 5.8 6.1 8.3 10.5 10.0 10.0 Clca1 

ENSMUSG00000095007 5.3 5.1 5.0 5.0 9.5 7.8 8.2 8.8 Igkv12-41 

ENSMUSG00000027483 12.4 13.1 9.6 9.3 13.8 14.2 13.0 12.7 Bpifa1 

ENSMUSG00000095589 5.1 4.6 4.6 4.3 7.9 7.0 6.7 7.5 Ighv1-55 

ENSMUSG00000095351 6.0 5.9 5.2 6.2 9.6 7.8 8.4 9.4 Igkv3-2 

ENSMUSG00000076618 4.9 4.1 4.4 4.6 8.4 7.1 6.6 7.6 Ighj4 

ENSMUSG00000093896 5.3 4.5 4.4 4.3 7.9 7.2 6.7 7.3 Ighv1-76 

ENSMUSG00000076556 5.2 4.6 4.5 4.7 7.6 6.3 6.5 7.7 Igkv4-57 

ENSMUSG00000047517 4.1 4.7 5.0 5.0 7.8 7.9 7.1 7.7 Dmbt1 

ENSMUSG00000096833 5.4 5.1 4.6 5.6 7.1 6.6 6.5 8.3 Igkv4-55 

ENSMUSG00000076652 4.3 3.7 3.8 3.8 7.0 5.8 4.8 6.4 Ighv7-3 

ENSMUSG00000093861 7.8 6.5 6.0 6.7 10.3 9.0 8.6 9.3 Igkv1-110 

ENSMUSG00000094345 5.9 5.2 5.5 5.1 6.8 6.0 6.6 7.7 Igkv14-126 

ENSMUSG00000098814 6.4 5.9 5.6 5.9 9.5 8.3 8.2 8.5 Igkv19-93 

ENSMUSG00000094088 5.3 4.8 4.7 4.7 7.6 6.7 6.8 7.2 Ighv1-64 

ENSMUSG00000094872 5.1 5.0 4.4 4.8 7.4 7.2 6.7 7.3 Igkv9-120 

ENSMUSG00000076576 5.4 5.3 4.9 5.3 6.8 6.9 6.6 7.8 Igkv6-32 

ENSMUSG00000094502 3.7 3.5 3.4 3.6 6.6 5.5 5.9 6.1 Ighv1-69 

ENSMUSG00000076514 5.4 5.1 4.6 5.2 6.8 6.8 7.0 7.7 Igkv17-121 

ENSMUSG00000095642 4.9 3.7 3.9 3.6 6.8 5.9 5.6 6.0 Ighv14-3 

ENSMUSG00000076549 4.8 4.7 4.4 4.8 5.7 6.4 6.1 7.2 Igkv4-68 

ENSMUSG00000076534 4.2 3.8 3.8 4.0 5.8 5.3 6.0 6.3 Igkv12-89 

ENSMUSG00000066108 10.0 10.3 7.7 8.0 10.3 10.7 9.5 10.3 Muc5b 

ENSMUSG00000078901 5.9 3.7 3.6 3.2 5.1 4.9 4.1 5.4 Gm14440 

ENSMUSG00000030954 5.6 6.1 4.3 4.7 6.0 6.5 6.2 6.9 Gp2 

ENSMUSG00000095335 4.5 4.3 4.2 4.7 8.0 5.8 5.7 6.9 Igkv3-5 

ENSMUSG00000027485 10.7 11.1 7.9 8.2 9.5 10.8 9.6 10.3 Bpifb1 

ENSMUSG00000021356 7.7 7.2 6.8 7.2 8.3 8.1 8.4 9.2 Irf4 

ENSMUSG00000105606 4.8 4.9 4.7 5.0 7.7 5.6 6.0 7.0 Igkv2-109 

ENSMUSG00000096108 4.4 4.0 4.0 3.7 4.8 4.2 4.6 5.7 Ighv11-2 

ENSMUSG00000076522 5.7 5.0 4.7 5.5 9.1 7.6 8.5 7.5 Igkv16-104 

ENSMUSG00000032254 7.7 7.3 7.2 6.9 7.4 7.3 7.5 8.9 Kif23 

ENSMUSG00000041498 5.6 5.6 5.2 5.4 5.5 5.4 5.8 7.4 Kif14 

ENSMUSG00000076555 4.6 4.2 4.1 4.3 5.3 6.2 5.4 6.2 Igkv4-57-1 

ENSMUSG00000076594 4.6 4.2 4.2 4.1 4.6 5.9 4.3 6.0 Igkv6-13 

ENSMUSG00000018924 6.7 6.7 5.3 6.2 7.2 8.4 8.2 8.0 Alox15 

ENSMUSG00000030091 10.0 9.9 9.1 8.9 10.2 10.3 9.5 10.7 Nup210 

ENSMUSG00000076596 4.6 4.4 4.3 4.1 7.5 6.5 5.8 5.9 Igkv3-10 
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ENSMUSG00000044309 5.8 5.6 5.0 5.5 6.4 7.3 5.9 7.3 Apol7c 

ENSMUSG00000027442 7.9 9.0 7.4 8.7 7.9 8.1 7.2 6.9 Cst8 

ENSMUSG00000096464 4.7 4.2 4.2 4.1 6.5 5.4 5.5 5.8 Ighv2-2 

ENSMUSG00000027073 3.9 4.0 4.2 4.5 6.6 6.0 6.0 6.2 Prg2 

ENSMUSG00000027559 10.4 10.1 7.4 7.9 10.0 10.3 7.4 9.6 Car3 

ENSMUSG00000024028 7.9 9.0 5.7 6.3 8.0 8.7 7.6 8.0 Tff2 

ENSMUSG00000050379 9.8 9.4 9.2 9.2 9.8 9.8 9.7 10.8 Septin6 

ENSMUSG00000034311 6.9 6.9 6.2 6.6 7.0 6.7 6.8 8.2 Kif4 

ENSMUSG00000051457 10.3 9.7 9.5 9.9 10.1 10.3 10.3 11.4 Spn 

ENSMUSG00000064057 12.7 14.0 10.2 10.9 13.8 13.9 12.6 12.5 Scgb3a1 

ENSMUSG00000029516 7.3 6.9 6.6 6.5 7.0 6.8 6.8 8.0 Cit 

ENSMUSG00000022504 9.6 9.3 8.9 9.6 10.0 10.9 10.7 11.1 Ciita 

ENSMUSG00000032221 8.9 8.5 7.4 7.6 8.7 8.9 7.6 9.1 Mns1 

ENSMUSG00000032053 8.7 8.1 7.9 8.2 9.0 8.9 8.8 9.7 Pou2af1 

ENSMUSG00000047880 8.2 7.5 7.1 7.5 8.0 8.1 8.0 9.0 Cxcr5 

ENSMUSG00000005547 10.2 11.1 7.7 8.3 10.6 11.1 9.0 9.7 Cyp2a5 

ENSMUSG00000008193 8.7 8.0 7.7 8.2 8.9 8.7 8.2 9.6 Spib 

ENSMUSG00000030830 10.7 10.3 10.1 10.4 10.7 10.9 10.5 11.8 Itgal 

ENSMUSG00000039153 7.6 7.4 7.4 7.3 8.0 7.5 8.0 8.8 Runx2 

ENSMUSG00000076617 12.8 11.8 11.4 12.1 13.2 13.1 12.9 13.5 Ighm 

ENSMUSG00000025479 8.6 8.3 8.2 7.5 8.3 8.4 8.0 8.9 Cyp2e1 

ENSMUSG00000042254 6.5 5.9 5.5 5.3 6.7 6.2 5.5 6.7 Cilp 

ENSMUSG00000037466 5.3 5.0 4.9 5.3 5.4 5.4 5.7 6.7 Tedc1 

ENSMUSG00000005465 7.9 7.5 7.4 7.5 7.7 8.0 7.7 8.9 Il27ra 

ENSMUSG00000078597 5.2 5.2 3.7 3.9 5.9 5.5 4.4 5.3 Cyp4a12b 

ENSMUSG00000029603 7.8 6.9 6.4 6.6 7.7 7.6 6.5 8.0 Dtx1 

ENSMUSG00000038209 3.3 3.6 3.1 3.2 3.9 4.6 4.6 4.5 Itln1 

ENSMUSG00000095675 8.4 9.3 6.8 8.4 8.6 9.5 7.8 9.7 Ccl21b 

ENSMUSG00000096596 8.4 9.3 6.8 8.4 8.6 9.5 7.8 9.7 Gm10591 

ENSMUSG00000094094 3.2 3.0 2.9 2.9 4.4 3.8 3.4 4.3 Igkv5-45 

ENSMUSG00000050592 8.5 8.1 8.0 8.0 8.4 8.5 8.4 9.3 Fam78a 

ENSMUSG00000096515 4.6 4.4 4.4 4.7 5.6 5.5 5.0 6.0 Igkv14-100 

ENSMUSG00000024411 7.9 7.7 6.7 7.2 8.6 8.5 7.9 8.5 Aqp4 

ENSMUSG00000024186 7.6 8.2 6.8 7.6 7.7 7.5 6.2 6.4 Rgs11 

ENSMUSG00000076536 4.0 3.8 3.6 4.1 4.9 4.6 4.8 5.3 Igkv4-86 

ENSMUSG00000042606 8.2 7.9 7.5 7.7 8.1 8.2 7.9 8.9 Hirip3 

ENSMUSG00000031725 7.2 7.1 5.3 5.8 7.6 7.5 6.0 7.1 Ces1f 

ENSMUSG00000024613 9.7 9.3 9.5 9.4 9.7 9.6 9.7 10.6 Tcof1 

ENSMUSG00000039521 5.4 5.3 5.5 5.3 5.6 6.0 6.3 6.5 Foxp3 

ENSMUSG00000040899 6.0 5.6 5.2 5.4 5.9 5.9 6.1 6.6 Ccr6 

ENSMUSG00000020884 6.7 6.7 4.6 5.4 6.1 6.0 4.3 4.2 Asgr1 
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ENSMUSG00000076550 3.9 3.3 3.3 3.3 4.3 4.3 4.7 4.6 Igkv4-63 

ENSMUSG00000025980 11.6 11.4 11.2 11.3 11.5 11.6 11.7 12.5 Hspd1 

ENSMUSG00000076562 3.6 3.5 3.5 3.6 4.8 4.6 4.2 4.8 Igkv4-50 

ENSMUSG00000047261 9.3 9.3 7.8 9.2 9.3 9.3 7.3 8.0 Gap43 

ENSMUSG00000054422 8.1 8.1 6.0 7.3 8.2 8.0 5.4 6.1 Fabp1 

ENSMUSG00000021388 9.7 9.6 8.6 9.4 9.4 9.4 8.4 8.2 Aspn 

ENSMUSG00000055717 7.7 7.4 7.2 7.3 7.7 7.7 7.6 8.5 Slain1 

ENSMUSG00000035638 8.5 8.2 7.1 7.2 8.3 8.6 7.6 8.4 Muc20 

ENSMUSG00000004473 8.7 8.3 7.5 7.7 8.7 8.6 7.3 8.8 Clec11a 

ENSMUSG00000010342 5.4 5.6 4.7 5.5 5.4 5.1 4.4 4.4 Tex14 

ENSMUSG00000031805 9.8 9.6 9.7 9.3 9.8 9.7 9.7 10.5 Jak3 

ENSMUSG00000054150 7.7 7.4 7.2 7.1 7.7 7.6 7.5 8.3 Syne3 

ENSMUSG00000063646 6.7 6.3 6.4 6.5 6.8 6.7 6.8 7.6 Jakmip1 

ENSMUSG00000021749 6.2 6.5 5.8 6.2 7.2 7.4 7.1 7.3 Fam3d 

ENSMUSG00000058260 7.0 7.2 4.9 6.2 7.5 7.8 6.4 7.3 Serpina9 

ENSMUSG00000029246 9.0 8.7 8.5 8.6 8.9 9.1 9.2 9.7 Ppat 

ENSMUSG00000026192 9.8 9.6 9.3 9.5 9.6 9.8 9.7 10.6 Atic 

ENSMUSG00000095285 3.0 3.0 2.9 2.9 4.3 3.6 3.7 4.0 Ighv5-9 

ENSMUSG00000033849 6.1 6.2 5.1 6.0 7.5 7.2 6.5 7.1 B3galt2 

ENSMUSG00000022391 10.4 10.1 10.1 10.0 10.3 10.3 10.2 11.1 Rangap1 

ENSMUSG00000036596 5.7 5.5 5.3 5.1 5.8 5.6 5.6 6.2 Cpz 

ENSMUSG00000000120 5.2 5.0 4.8 5.0 5.6 5.9 5.3 6.0 Ngfr 

ENSMUSG00000016028 9.7 9.1 8.5 8.3 9.9 9.8 8.7 9.4 Celsr1 

ENSMUSG00000024112 5.6 5.6 5.0 5.0 6.4 6.0 5.7 6.1 Cacna1h 

ENSMUSG00000049321 7.4 7.6 7.1 7.7 7.6 7.6 6.9 6.7 Zfp2 

ENSMUSG00000029657 10.4 10.2 9.6 9.9 10.0 10.3 9.4 11.0 Hsph1 

ENSMUSG00000060459 4.1 4.1 4.4 4.3 4.7 4.8 4.8 5.3 Kng2 

ENSMUSG00000040990 10.2 9.8 9.7 9.9 10.1 10.1 10.1 10.9 Sh3kbp1 

ENSMUSG00000001506 12.5 11.9 11.7 11.7 12.3 12.2 11.0 12.7 Col1a1 

ENSMUSG00000024653 19.6 19.9 18.7 19.1 19.1 19.5 18.7 18.1 Scgb1a1 

ENSMUSG00000027359 5.5 5.8 4.8 4.8 5.8 6.1 5.3 5.8 Slc27a2 

ENSMUSG00000042097 4.4 4.2 3.8 4.0 4.3 4.4 4.4 5.0 Zfp239 

ENSMUSG00000040289 11.1 11.2 10.2 10.6 10.7 10.9 9.7 9.6 Hey1 

ENSMUSG00000076540 3.5 3.8 3.5 4.1 5.0 4.4 4.5 5.1 Igkv4-80 

ENSMUSG00000068522 8.8 9.1 8.0 8.3 8.5 8.5 7.3 7.3 Aard 

ENSMUSG00000026417 11.2 11.5 11.2 11.0 11.3 12.3 12.2 12.0 Pigr 

ENSMUSG00000029661 13.1 12.6 12.5 12.5 13.0 13.0 12.2 13.5 Col1a2 

ENSMUSG00000022177 7.8 7.4 7.4 7.4 7.6 7.6 7.8 8.4 Haus4 

ENSMUSG00000035842 6.7 6.6 6.3 6.5 6.7 6.7 6.4 7.4 Ddx11 

ENSMUSG00000018012 9.1 9.7 8.6 9.1 9.0 9.3 8.5 8.1 Rac3 

ENSMUSG00000062545 5.8 5.8 5.6 5.7 6.1 6.1 6.4 6.6 Tlr12 
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ENSMUSG00000072473 8.4 8.7 6.7 7.9 8.5 8.5 6.6 6.9 
1700024G13Ri

k 

ENSMUSG00000013629 9.2 8.7 8.2 8.6 9.1 8.8 8.4 9.6 Cad 

ENSMUSG00000037922 8.7 8.5 7.4 8.3 8.4 8.4 7.7 9.2 Bank1 

ENSMUSG00000016757 8.9 8.4 8.0 8.4 8.7 8.6 8.3 9.3 Ttll12 

ENSMUSG00000051111 4.9 4.6 4.9 5.2 5.1 4.9 6.1 6.2 Sv2c 

ENSMUSG00000087642 2.1 2.0 2.1 2.0 2.8 2.3 2.2 3.0 Ighe 

ENSMUSG00000026650 8.0 8.7 7.0 8.1 8.2 8.4 6.8 7.1 Meig1 

ENSMUSG00000001436 7.3 7.0 6.7 7.1 7.2 7.1 7.3 8.0 Slc19a1 

ENSMUSG00000037053 7.0 7.3 6.5 6.9 6.5 6.8 6.5 6.0 Azgp1 

ENSMUSG00000076939 6.0 6.1 5.3 6.3 7.0 7.4 6.3 7.2 Iglv3 

ENSMUSG00000069515 14.3 14.9 14.3 14.6 14.5 14.5 14.0 13.7 Lyz1 

ENSMUSG00000029669 11.1 11.2 10.4 10.8 11.0 10.9 10.2 9.9 Tspan12 

ENSMUSG00000022441 6.7 6.8 5.6 6.6 6.6 7.0 5.2 5.7 Efcab6 

ENSMUSG00000040860 7.5 7.1 6.4 6.3 7.6 7.3 6.1 7.2 Crocc 

ENSMUSG00000033533 7.4 7.3 6.3 6.5 7.1 7.5 6.4 7.5 Acsm1 

ENSMUSG00000063415 8.5 9.7 8.3 8.2 10.2 10.5 8.0 9.1 Cyp26b1 

ENSMUSG00000020652 7.7 7.3 7.4 7.4 7.7 7.8 7.7 8.3 Cenpo 

ENSMUSG00000025366 11.6 11.4 11.6 11.4 11.6 11.6 11.7 12.3 Esyt1 

ENSMUSG00000039774 6.9 6.6 6.2 6.6 6.9 7.0 7.1 7.5 Galnt12 

ENSMUSG00000022364 7.6 7.2 6.7 7.0 7.5 7.5 6.7 7.9 Tbc1d31 

ENSMUSG00000046916 11.6 11.6 10.4 11.4 11.5 11.4 10.1 10.5 Myct1 

ENSMUSG00000039084 9.6 9.0 6.4 7.2 9.2 9.2 7.6 8.1 Chad 

ENSMUSG00000034035 9.5 10.0 8.6 9.4 9.6 9.6 8.4 8.5 Ccdc17 

ENSMUSG00000075217 3.2 3.3 2.9 3.0 4.1 4.0 3.7 3.9 Fads2b 

ENSMUSG00000028886 9.7 9.4 9.3 9.6 9.8 9.7 9.8 10.5 Eya3 

ENSMUSG00000042485 10.3 10.6 10.1 10.6 10.2 10.4 9.5 9.7 Mustn1 

ENSMUSG00000027954 11.7 11.6 11.2 11.6 11.4 11.5 10.8 10.7 Efna1 

ENSMUSG00000036334 9.3 8.9 7.4 7.3 9.3 9.1 6.9 8.2 Igsf10 

ENSMUSG00000095633 3.6 3.4 3.2 3.3 3.7 5.3 3.7 4.2 Igkv4-58 

ENSMUSG00000058174 7.4 7.2 6.7 7.3 7.4 7.2 6.5 6.4 Gm5148 

ENSMUSG00000019893 6.2 6.1 5.1 5.3 6.3 6.3 6.3 6.2 Ros1 

ENSMUSG00000087075 2.4 2.4 2.4 2.3 2.7 2.7 2.4 3.2 Lbhd2 

ENSMUSG00000069607 6.7 6.6 6.4 7.1 7.1 6.9 7.0 7.9 Cd300ld3 

ENSMUSG00000027985 8.6 8.0 7.8 7.9 8.3 8.4 8.5 8.8 Lef1 

ENSMUSG00000019762 7.1 6.7 5.8 6.5 6.7 6.3 5.7 5.6 Iyd 

ENSMUSG00000038065 10.8 11.0 10.2 10.5 10.7 10.6 9.7 9.6 Mturn 

ENSMUSG00000031636 9.1 8.9 8.2 8.8 8.8 8.7 7.7 7.9 Pdlim3 

ENSMUSG00000022371 10.3 9.8 8.9 8.8 10.1 10.1 8.3 9.7 Col14a1 

ENSMUSG00000019982 8.7 8.3 7.1 7.7 8.5 8.6 7.7 8.5 Myb 

ENSMUSG00000046491 10.2 10.4 9.4 9.7 10.1 10.0 8.9 8.8 C1qtnf2 

ENSMUSG00000050600 6.9 6.4 6.4 6.4 6.8 6.8 6.6 7.3 Zfp831 
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ENSMUSG00000110185 9.2 9.6 8.5 9.4 9.3 9.2 7.8 8.5 Igip 

ENSMUSG00000003379 10.8 10.3 9.7 10.2 10.6 10.6 9.8 11.1 Cd79a 

ENSMUSG00000050010 5.8 5.6 5.2 5.7 5.8 5.9 5.4 6.6 Shisa3 

ENSMUSG00000020646 7.2 7.3 6.5 7.2 7.2 7.0 6.8 6.4 Mboat2 

ENSMUSG00000071984 9.1 9.0 8.1 7.8 8.9 8.7 8.0 8.6 Fndc1 

ENSMUSG00000052271 5.8 5.6 5.4 5.4 6.4 6.1 5.5 6.2 Bhlha15 

ENSMUSG00000029408 7.5 7.3 7.1 7.0 7.3 7.3 7.4 7.8 Abcb9 

ENSMUSG00000031740 11.9 11.4 11.2 10.5 12.0 11.9 11.3 11.4 Mmp2 

ENSMUSG00000041445 10.3 10.2 9.0 9.4 10.4 10.4 9.2 10.3 Mmrn2 

ENSMUSG00000021097 8.8 8.5 7.5 7.7 9.3 9.0 8.2 8.6 Clmn 

ENSMUSG00000039963 9.3 8.8 7.8 7.6 9.2 9.1 8.2 8.4 Ccdc40 

ENSMUSG00000100862 5.0 4.0 6.0 3.2 6.0 6.5 5.0 4.1 Gm10925 

ENSMUSG00000054196 7.2 7.5 6.0 7.1 7.0 7.1 5.3 6.3 Cthrc1 

ENSMUSG00000024517 7.2 7.6 6.9 7.1 6.9 7.2 6.3 6.3 Grp 

ENSMUSG00000063632 8.7 8.8 7.0 8.1 8.8 8.6 6.8 7.3 Sox11 

ENSMUSG00000069763 13.8 13.8 12.9 13.1 13.7 13.8 12.9 12.3 Tmem100 

ENSMUSG00000022262 9.8 9.3 7.1 7.7 10.1 9.7 7.6 8.5 Dnah5 

ENSMUSG00000030074 6.5 6.4 5.3 5.8 6.6 6.4 5.6 6.6 Gxylt2 

ENSMUSG00000039391 7.5 7.0 5.8 5.8 7.5 7.4 6.1 6.6 Ccdc81 

ENSMUSG00000021876 14.2 14.8 14.2 14.6 14.3 14.5 13.9 13.8 Rnase4 

ENSMUSG00000048148 6.8 6.8 5.5 6.0 7.2 7.3 6.2 6.8 Nwd1 

ENSMUSG00000035064 9.3 8.8 8.0 8.2 9.0 9.2 8.4 9.0 Eef2k 

ENSMUSG00000074491 6.2 6.3 5.6 5.6 5.9 6.0 4.8 4.8 Clec4g 

ENSMUSG00000039577 6.2 5.9 5.6 5.0 6.1 6.1 5.4 5.8 Nphp4 

ENSMUSG00000047037 9.7 9.7 9.0 9.7 9.6 9.4 8.8 8.9 Nipa1 

ENSMUSG00000101337 7.4 7.3 5.9 6.9 7.3 7.5 6.2 6.1 Dnah7c 

ENSMUSG00000034686 4.8 4.5 5.1 4.1 4.8 4.7 4.7 4.9 Prr7 

ENSMUSG00000014030 8.8 8.3 7.5 8.0 8.9 8.5 7.5 8.8 Pax5 

ENSMUSG00000022496 3.4 3.1 3.1 3.1 4.4 4.0 3.4 3.9 Tnfrsf17 

ENSMUSG00000054931 7.0 6.9 6.5 6.9 6.9 6.9 6.6 6.2 Zkscan4 

ENSMUSG00000049536 8.8 8.9 8.2 8.7 8.6 8.6 8.1 7.9 Tceal1 

ENSMUSG00000103037 6.6 6.5 5.9 5.3 6.8 6.5 6.0 6.1 Pcdhgb1 

ENSMUSG00000024299 11.2 11.4 10.2 10.8 11.0 10.9 9.6 10.1 Adamts10 

ENSMUSG00000044772 9.4 9.6 8.3 9.3 9.5 9.6 8.4 8.6 Sntn 

ENSMUSG00000042104 7.9 8.2 7.8 8.2 7.9 8.1 7.3 7.5 Uggt2 

ENSMUSG00000048478 6.8 7.2 6.5 6.9 6.7 6.9 5.9 6.1 Spata33 

ENSMUSG00000052336 9.2 8.7 8.0 8.9 9.4 9.2 8.0 9.6 Cx3cr1 

 

 

 



205 

 

Innate Immunity (top 200 genes) 

Ensembl  ID 

pri_

0 

pri_

1 

pri_

2 

pri_

3 

sec_

0 

sec_

1 

sec_

2 

sec_

3 Symbol 

ENSMUSG00000047220 5.5 6.9 7.6 8.6 5.9 6.3 5.9 5.9 Iho1 

ENSMUSG00000096887 12.2 13.0 14.0 15.2 12.7 13.0 14.1 13.1 Gm20594 

ENSMUSG00000000204 7.7 9.9 13.8 13.6 7.9 9.1 13.2 11.6 Slfn4 

ENSMUSG00000078887 7.6 8.2 8.0 9.5 7.8 8.0 7.9 7.8 Gm6710 

ENSMUSG00000022820 8.9 10.0 10.2 10.7 9.1 9.6 9.5 9.0 Ndufb4 

ENSMUSG00000042670 9.7 10.7 10.9 11.7 10.0 10.3 10.3 10.0 Immp1l 

ENSMUSG00000060923 8.9 9.7 10.0 10.3 9.0 9.2 9.6 8.7 Acyp2 

ENSMUSG00000078886 8.1 8.8 8.6 9.9 8.4 8.4 8.3 8.3 Gm2026 

ENSMUSG00000078862 8.3 9.2 9.7 10.4 8.5 8.8 9.6 8.8 Gm14326 

ENSMUSG00000032845 5.4 6.2 6.7 7.1 5.3 5.8 5.6 5.5 Alpk2 

ENSMUSG00000071528 11.1 12.3 12.8 13.2 11.4 11.9 12.2 11.6 Atp5md 

ENSMUSG00000020801 9.0 9.9 10.0 10.5 9.2 9.4 9.5 8.9 Med31 

ENSMUSG00000090136 11.2 12.4 13.2 13.8 11.5 12.1 12.6 12.2 Gm10177 

ENSMUSG00000036781 11.0 12.3 12.6 13.3 11.3 11.9 12.0 11.7 Rps27l 

ENSMUSG00000070394 10.4 11.4 11.6 12.2 10.6 10.9 10.9 10.6 Tmem256 

ENSMUSG00000069792 8.1 9.8 12.4 12.5 9.0 9.9 12.0 11.0 Wfdc17 

ENSMUSG00000074754 7.9 9.1 9.2 9.8 8.2 8.5 8.7 8.2 Smim26 

ENSMUSG00000061983 13.9 15.2 15.6 16.2 14.3 14.7 14.8 14.7 Rps12 

ENSMUSG00000029632 11.9 13.0 13.1 13.6 12.1 12.6 12.5 12.0 Ndufa4 

ENSMUSG00000083380 11.0 11.8 12.0 12.6 11.2 11.4 11.6 11.1 Ndufb4c 

ENSMUSG00000033543 10.0 10.9 11.3 11.7 10.3 10.5 10.8 10.2 Gtf2a2 

ENSMUSG00000058351 8.6 9.4 10.0 10.0 8.7 8.9 9.3 8.5 Smim4 

ENSMUSG00000039016 10.1 11.0 11.2 11.9 10.4 10.6 10.7 10.4 Timm8b 

ENSMUSG00000113902 10.9 12.2 12.7 13.2 11.2 11.8 12.3 11.8 Ndufb1 

ENSMUSG00000093674 14.8 16.0 16.6 17.2 15.1 15.6 15.9 15.7 Rpl41 

ENSMUSG00000037072 13.8 14.6 14.9 15.3 13.9 14.1 14.5 13.8 Selenof 

ENSMUSG00000078974 8.4 9.7 10.6 10.9 8.7 9.3 10.0 9.5 Sec61g 

ENSMUSG00000001289 12.8 13.7 13.9 14.3 13.1 13.3 13.3 12.9 Pfdn5 

ENSMUSG00000078193 12.0 13.2 13.5 14.1 12.3 12.8 12.7 12.7 Gm2000 

ENSMUSG00000087687 9.5 10.6 10.8 11.3 9.7 10.1 10.0 9.8 Pet100 

ENSMUSG00000021040 9.7 10.7 11.3 11.7 9.8 10.4 10.5 10.3 Slirp 

ENSMUSG00000090733 14.0 15.0 15.3 15.8 14.3 14.6 14.7 14.4 Rps27 

ENSMUSG00000045519 7.6 8.6 8.8 9.1 7.7 8.2 8.2 7.7 Zfp560 

ENSMUSG00000040165 5.1 6.1 6.4 6.8 5.1 5.4 5.6 5.4 Cd209c 

ENSMUSG00000075706 13.9 14.7 14.8 15.2 14.0 14.1 14.2 13.8 Gpx4 

ENSMUSG00000023826 6.4 6.8 7.0 7.4 6.4 6.7 6.4 6.0 Prkn 

ENSMUSG00000009927 14.0 15.2 15.5 16.1 14.3 14.8 15.0 14.7 Rps25 

ENSMUSG00000039001 12.8 13.9 14.0 14.5 13.1 13.4 13.2 13.1 Rps21 

ENSMUSG00000024208 10.1 11.2 11.4 12.1 10.2 10.7 10.7 10.7 Uqcc2 
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ENSMUSG00000102037 8.4 9.6 10.7 11.0 8.9 9.5 9.9 9.6 Bcl2a1a 

ENSMUSG00000028563 9.6 10.5 10.8 11.2 9.9 10.1 10.4 9.8 Tm2d1 

ENSMUSG00000021905 9.8 11.0 11.5 12.0 10.1 10.6 10.9 10.7 Dph3 

ENSMUSG00000032526 8.3 9.2 9.3 9.8 8.6 8.8 8.8 8.4 Ss18l2 

ENSMUSG00000045826 9.1 8.8 9.3 9.1 9.0 9.2 9.4 10.5 Ptprcap 

ENSMUSG00000047215 14.4 15.5 15.9 16.4 14.7 15.1 15.4 15.0 Rpl9 

ENSMUSG00000079017 11.4 13.7 15.5 15.8 11.4 12.7 14.7 14.5 Ifi27l2a 

ENSMUSG00000060636 13.7 14.9 15.1 15.7 14.1 14.5 14.5 14.3 Rpl35a 

ENSMUSG00000078713 10.2 11.1 11.4 12.0 10.4 10.6 10.9 10.6 Tomm5 

ENSMUSG00000090258 9.8 10.9 11.2 11.6 10.0 10.4 10.6 10.2 Churc1 

ENSMUSG00000031712 7.7 8.9 9.9 9.8 7.7 8.5 9.4 8.5 Il15 

ENSMUSG00000071014 10.1 11.1 11.3 11.9 10.2 10.6 10.8 10.5 Ndufb6 

ENSMUSG00000106918 10.2 11.1 11.5 12.1 10.4 10.7 10.9 10.8 Mrpl33 

ENSMUSG00000021290 10.5 11.6 11.8 12.4 10.7 11.2 11.4 11.1 Atp5mpl 

ENSMUSG00000025290 15.0 16.2 16.6 17.2 15.5 15.9 16.1 15.9 Rps24 

ENSMUSG00000062006 13.2 14.4 14.8 15.4 13.6 14.0 14.2 14.1 Rpl34 

ENSMUSG00000002500 4.9 5.4 6.0 6.2 5.0 5.2 5.4 4.9 Rpl3l 

ENSMUSG00000024608 14.3 15.3 15.6 16.0 14.5 14.8 15.0 14.7 Rps14 

ENSMUSG00000030291 10.2 11.0 11.5 11.9 10.3 10.6 10.9 10.6 Med21 

ENSMUSG00000063787 10.4 11.4 11.7 12.4 10.6 11.0 11.2 11.1 Chchd1 

ENSMUSG00000021758 4.5 5.5 7.4 7.3 4.5 5.1 7.1 6.0 Ddx4 

ENSMUSG00000076465 4.1 4.2 4.4 4.7 4.3 4.5 4.6 6.0 Trbv5 

ENSMUSG00000066613 7.9 8.8 8.9 9.6 8.2 8.5 8.6 8.3 Zfp932 

ENSMUSG00000067038 13.4 14.5 14.5 15.4 13.8 14.2 14.2 14.1 Rps12-ps3 

ENSMUSG00000062328 14.8 15.9 16.3 16.9 15.2 15.6 15.8 15.6 Rpl17 

ENSMUSG00000030144 7.2 8.3 11.1 11.1 7.6 8.1 10.9 9.9 Clec4d 

ENSMUSG00000057278 10.1 11.2 11.5 12.0 10.3 10.7 10.7 10.7 Snrpg 

ENSMUSG00000030615 9.3 10.2 10.7 11.3 9.6 9.8 10.3 10.1 Tmem126a 

ENSMUSG00000074129 14.9 16.0 16.3 16.9 15.2 15.5 15.8 15.7 Rpl13a 

ENSMUSG00000030157 12.9 13.9 14.5 14.5 13.0 13.6 14.0 13.3 Clec2d 

ENSMUSG00000084957 9.7 10.6 10.7 11.5 10.0 10.3 10.2 10.3 Bbip1 

ENSMUSG00000029322 11.4 13.1 15.4 15.4 11.6 13.1 14.9 14.2 Plac8 

ENSMUSG00000018449 9.0 9.7 10.3 10.4 9.2 9.3 9.8 9.2 Rpain 

ENSMUSG00000020526 8.4 9.2 9.6 10.2 8.6 8.8 9.3 9.0 Znhit3 

ENSMUSG00000017778 11.2 12.0 12.2 12.7 11.2 11.5 11.9 11.5 Cox7c 

ENSMUSG00000039221 10.4 11.6 12.0 12.5 10.6 11.4 11.5 11.3 Rpl22l1 

ENSMUSG00000116632 7.8 8.2 8.7 8.5 7.9 7.9 8.1 7.3 Magef1 

ENSMUSG00000021764 10.5 11.5 12.0 12.4 10.8 11.2 11.6 11.2 Ndufs4 

ENSMUSG00000089929 9.4 10.8 12.3 12.5 10.0 10.7 11.6 11.3 Bcl2a1b 

ENSMUSG00000078877 7.6 8.9 9.3 9.9 8.2 8.6 8.7 8.7 Gm14295 

ENSMUSG00000042396 11.0 11.9 12.4 12.7 11.2 11.4 12.3 11.5 Rbm7 



207 

 

ENSMUSG00000020857 12.0 13.2 13.7 14.2 12.3 12.8 13.3 13.0 Nme2 

ENSMUSG00000020460 13.9 15.0 15.2 15.8 14.3 14.6 14.8 14.6 Rps27a 

ENSMUSG00000020386 10.9 11.7 12.1 12.4 10.9 11.2 11.8 11.2 Sar1b 

ENSMUSG00000091450 7.0 8.1 8.6 8.9 7.2 7.5 7.7 7.7 Vmn2r11 

ENSMUSG00000026511 10.8 11.5 12.1 12.3 11.0 11.2 11.7 11.1 Srp9 

ENSMUSG00000030142 7.3 8.6 11.8 11.8 7.4 8.6 11.7 10.6 Clec4e 

ENSMUSG00000078784 10.0 10.9 11.2 11.8 10.1 10.6 10.7 10.6 Rbis 

ENSMUSG00000060073 11.8 12.9 13.5 13.8 11.9 12.6 13.0 12.6 Psma3 

ENSMUSG00000002992 6.7 7.3 9.3 9.6 6.6 6.8 8.6 8.4 Apoc2 

ENSMUSG00000037361 10.9 11.8 12.4 12.8 11.1 11.6 12.0 11.7 Sf3b6 

ENSMUSG00000110444 8.7 9.3 9.0 10.1 9.2 9.2 9.3 8.9 Gm10033 

ENSMUSG00000023349 9.1 9.8 11.0 11.7 10.0 9.9 10.4 10.6 Clec4n 

ENSMUSG00000046909 7.9 8.7 9.0 9.5 8.0 8.3 8.7 8.3 Tefm 

ENSMUSG00000032381 10.6 11.4 11.8 12.6 10.9 11.2 11.8 11.4 Ciao2a 

ENSMUSG00000058748 8.2 8.9 9.2 9.9 8.5 8.6 9.1 8.7 Zfp958 

ENSMUSG00000027835 11.1 12.1 12.7 13.0 11.4 11.7 12.5 11.8 Pdcd10 

ENSMUSG00000025979 10.7 11.3 11.9 12.2 10.8 11.0 11.7 11.1 Mob4 

ENSMUSG00000033379 11.8 12.5 12.9 13.3 11.9 12.1 12.5 12.1 Atp6v0b 

ENSMUSG00000057863 12.8 13.6 14.1 14.4 13.0 13.2 13.5 13.2 Rpl36 

ENSMUSG00000038717 12.1 13.1 13.4 13.8 12.3 12.6 13.0 12.7 Atp5l 

ENSMUSG00000057841 13.7 14.8 15.2 15.7 14.1 14.5 14.7 14.6 Rpl32 

ENSMUSG00000052749 7.3 8.6 10.5 10.3 7.5 8.2 10.1 9.2 Trim30b 

ENSMUSG00000014856 9.8 10.8 10.9 11.5 10.0 10.3 10.3 10.3 Tmem208 

ENSMUSG00000021967 9.5 10.3 10.8 11.1 9.7 10.0 10.3 10.0 Mrpl57 

ENSMUSG00000091537 11.3 12.3 12.6 13.1 11.5 12.0 12.0 11.9 Tma7 

ENSMUSG00000071252 7.5 7.9 7.9 8.7 7.6 7.8 7.9 7.5 2210408I21Rik 

ENSMUSG00000091625 8.3 9.4 9.6 10.2 8.6 8.8 9.3 9.1 Lsm5 

ENSMUSG00000059897 8.7 9.6 9.7 10.2 9.1 9.3 9.4 9.1 Zfp930 

ENSMUSG00000102418 8.7 9.0 9.3 9.9 9.2 8.9 9.2 8.8 Sh2d1b1 

ENSMUSG00000062169 10.1 10.9 11.6 12.1 10.4 10.6 11.3 11.0 Cnih4 

ENSMUSG00000096795 7.8 8.7 8.4 9.1 8.1 8.3 8.3 8.0 Zfp433 

ENSMUSG00000022013 9.8 11.0 11.4 12.1 10.2 10.7 10.8 11.0 Dnajc15 

ENSMUSG00000062352 9.9 10.6 11.0 11.6 10.1 10.3 10.7 10.5 Itgb1bp1 

ENSMUSG00000087260 10.4 11.2 11.5 11.9 10.6 10.8 11.2 10.9 Lamtor5 

ENSMUSG00000093904 11.5 12.4 13.2 13.4 11.9 12.2 12.5 12.4 Tomm20 

ENSMUSG00000008668 14.0 15.1 15.5 16.0 14.3 14.7 15.1 14.9 Rps18 

ENSMUSG00000071451 8.4 9.4 10.0 10.4 8.6 9.2 9.3 9.4 Psmg4 

ENSMUSG00000016833 9.6 10.6 11.1 11.5 9.7 10.3 10.8 10.4 Mrps18c 

ENSMUSG00000047721 9.4 9.9 10.5 11.0 9.6 9.8 9.9 9.9 Bola2 

ENSMUSG00000062753 8.8 9.5 10.1 10.4 8.9 9.0 9.7 9.3 AI413582 

ENSMUSG00000038274 13.8 14.8 15.2 15.6 14.1 14.4 14.7 14.5 Fau 



208 

 

ENSMUSG00000003429 13.7 14.7 14.9 15.5 14.0 14.4 14.4 14.4 Rps11 

ENSMUSG00000014075 8.0 8.5 9.0 9.4 8.2 8.4 8.8 8.3 Dynlt2b 

ENSMUSG00000078546 7.4 7.9 8.2 8.9 7.7 8.0 8.3 7.9 Zfp995 

ENSMUSG00000090553 10.2 11.1 11.5 12.1 10.5 10.9 11.1 11.1 Snrpe 

ENSMUSG00000039217 8.8 9.6 9.8 10.3 9.2 9.3 9.7 9.3 Il18 

ENSMUSG00000069682 13.9 14.8 15.2 15.8 14.1 14.5 14.8 14.7 Gm10275 

ENSMUSG00000036850 9.6 10.4 10.8 11.2 9.8 10.0 10.4 10.2 Mrpl41 

ENSMUSG00000029462 11.0 11.7 12.1 12.6 11.2 11.4 11.8 11.6 Vps29 

ENSMUSG00000052142 8.4 8.3 8.4 8.8 8.5 8.9 8.7 9.8 Rasal3 

ENSMUSG00000079641 12.7 13.8 14.1 14.5 12.9 13.4 13.6 13.5 Rpl39 

ENSMUSG00000079293 11.1 12.2 13.1 13.8 11.7 11.9 13.0 12.8 Clec7a 

ENSMUSG00000050323 7.0 7.7 8.0 8.4 7.3 7.3 7.6 7.4 Ndufaf6 

ENSMUSG00000066442 8.7 9.3 9.6 10.1 8.8 9.1 9.1 9.1 Mthfs 

ENSMUSG00000020309 7.4 8.2 8.5 9.0 7.4 7.6 8.2 8.0 Chac2 

ENSMUSG00000029066 10.3 11.0 11.5 11.8 10.4 10.7 11.1 10.8 Mrpl20 

ENSMUSG00000020267 12.2 13.0 13.5 13.8 12.4 12.6 13.1 12.8 Hint1 

ENSMUSG00000073676 10.8 11.9 11.9 12.8 11.0 11.5 11.5 11.8 Hspe1 

ENSMUSG00000022370 10.4 11.2 11.7 12.0 10.5 10.8 11.2 11.0 Mrpl13 

ENSMUSG00000053317 11.1 11.9 12.4 12.6 11.2 11.5 11.8 11.6 Sec61b 

ENSMUSG00000008683 13.7 14.5 14.8 15.4 14.1 14.4 14.4 14.4 Rps15a 

ENSMUSG00000052681 13.6 14.3 14.9 15.3 13.7 13.9 14.7 14.3 Rap1b 

ENSMUSG00000001588 8.5 8.3 8.3 8.6 8.4 8.6 8.6 9.6 Acap1 

ENSMUSG00000116673 7.2 7.9 8.0 8.9 7.5 7.7 8.0 7.9 
A630089N07Ri

k 

ENSMUSG00000063856 13.3 13.9 14.5 14.8 13.6 13.7 14.2 13.8 Gpx1 

ENSMUSG00000017404 14.7 15.6 16.0 16.4 15.0 15.2 15.6 15.4 Rpl19 

ENSMUSG00000066755 2.6 2.8 3.0 3.8 2.6 2.6 2.7 2.9 Tnfsf18 

ENSMUSG00000067931 8.6 9.2 9.4 9.7 8.7 8.7 9.1 8.7 Zfp948 

ENSMUSG00000012422 10.2 10.9 11.5 11.9 10.3 10.6 11.2 11.0 Tmem167 

ENSMUSG00000099974 8.7 10.0 11.2 11.4 9.2 10.0 10.4 10.5 Bcl2a1d 

ENSMUSG00000026535 3.2 3.7 4.4 4.7 3.6 4.1 5.0 3.8 Ifi202b 

ENSMUSG00000063412 8.5 9.2 8.9 9.9 8.5 8.7 8.9 9.0 Gm10131 

ENSMUSG00000027384 8.1 9.0 9.3 9.8 8.3 8.6 8.9 8.8 Ndufaf5 

ENSMUSG00000040528 7.3 8.4 10.2 10.3 7.7 8.2 10.1 9.3 Milr1 

ENSMUSG00000069289 5.3 5.4 5.9 6.4 5.3 5.2 5.8 5.5 Vmn1r203 

ENSMUSG00000038900 8.9 9.7 10.8 10.6 9.0 9.4 9.7 9.7 Rpl12 

ENSMUSG00000110277 8.2 8.9 9.2 9.6 8.4 8.7 9.0 8.7 Gm45871 

ENSMUSG00000035215 9.1 9.7 9.9 10.5 9.2 9.4 9.6 9.6 Lsm7 

ENSMUSG00000090015 4.9 5.4 5.8 6.1 5.1 5.3 5.6 5.2 Gm15446 

ENSMUSG00000015672 9.6 10.3 10.9 11.2 9.8 9.9 10.5 10.3 Mrpl32 

ENSMUSG00000032657 8.2 8.0 7.9 8.1 8.1 8.1 8.1 9.0 Fam189b 

ENSMUSG00000095990 9.1 9.8 10.2 10.6 9.3 9.5 10.3 9.7 Zfp97 
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ENSMUSG00000050914 6.9 7.3 7.3 8.7 7.1 6.9 6.6 7.8 Ankrd37 

ENSMUSG00000018923 9.8 10.5 11.0 11.4 9.9 10.2 10.5 10.5 Med11 

ENSMUSG00000041959 12.4 13.2 13.8 14.0 12.7 12.9 13.3 13.1 S100a10 

ENSMUSG00000054400 7.4 8.2 8.6 9.2 7.8 7.9 8.1 8.3 Cklf 

ENSMUSG00000070880 5.0 5.1 4.8 5.6 4.8 4.9 4.6 4.7 Gad1 

ENSMUSG00000073494 4.3 4.5 5.1 5.3 4.6 4.6 5.1 4.4 Sh2d1b2 

ENSMUSG00000045502 7.8 8.8 10.8 10.8 8.1 8.9 10.9 9.9 Hcar2 

ENSMUSG00000040247 8.8 8.8 8.8 9.1 8.8 8.9 9.1 10.0 Tbc1d10c 

ENSMUSG00000027076 8.2 8.9 9.5 9.8 8.4 8.6 9.2 8.9 Timm10 

ENSMUSG00000059108 7.7 8.5 10.5 10.0 7.6 8.4 10.2 9.1 Ifitm6 

ENSMUSG00000032271 8.2 9.0 9.7 9.8 8.2 8.5 9.0 8.9 Nnmt 

ENSMUSG00000049526 4.5 5.0 5.1 5.6 4.6 4.7 4.9 4.7 Tmem202 

ENSMUSG00000063316 11.7 12.6 13.1 13.3 11.8 12.1 12.6 12.5 Rpl27 

ENSMUSG00000031917 9.7 10.5 11.2 11.3 9.9 10.1 10.8 10.5 Nip7 

ENSMUSG00000089669 9.2 9.9 9.9 10.6 9.5 9.6 9.6 9.7 Tnfsf13 

ENSMUSG00000092178 6.3 6.9 6.8 7.4 6.4 7.2 7.1 6.5 Gm45351 

ENSMUSG00000030041 5.6 5.8 7.3 6.6 5.5 5.9 6.9 5.7 M1ap 

ENSMUSG00000048280 8.8 9.2 9.5 10.0 9.0 9.0 9.4 9.1 Zfp738 

ENSMUSG00000080717 7.0 7.9 8.8 8.8 7.1 7.5 8.4 7.9 B230307C23Rik 

ENSMUSG00000034875 9.1 9.9 10.3 10.7 9.3 9.7 10.2 9.8 Nudt19 

ENSMUSG00000025993 8.6 8.7 9.0 9.4 8.6 8.5 8.9 8.6 Slc40a1 

ENSMUSG00000041084 11.1 11.8 12.0 12.6 11.2 11.5 11.7 11.8 Ostc 

ENSMUSG00000030579 11.6 12.4 13.6 14.0 12.0 12.3 13.4 13.1 Tyrobp 

ENSMUSG00000031167 12.5 13.4 14.6 14.7 12.7 13.2 14.9 13.8 Rbm3 

ENSMUSG00000057506 9.3 10.0 10.7 10.8 9.6 9.7 10.3 10.0 Bloc1s2 

ENSMUSG00000023791 8.9 9.7 10.0 10.5 9.2 9.4 9.6 9.7 Pigx 

ENSMUSG00000037722 9.4 10.2 10.5 10.9 9.6 9.8 10.3 10.0 Gnpnat1 

ENSMUSG00000091845 3.4 3.7 4.1 4.4 3.3 3.6 3.6 3.5 Rpl36-ps12 

ENSMUSG00000043923 7.6 8.3 8.7 8.5 7.8 7.7 8.0 7.7 Ccdc84 

ENSMUSG00000002014 11.1 11.8 12.6 12.8 11.4 11.7 12.2 12.0 Ssr4 

ENSMUSG00000038811 10.6 11.2 11.5 11.9 10.6 10.9 10.9 11.1 Gngt2 

ENSMUSG00000027566 12.0 12.9 13.7 13.9 12.2 12.7 13.5 13.1 Psma7 

ENSMUSG00000005054 10.7 11.4 12.9 13.1 10.9 11.2 12.8 12.3 Cstb 

ENSMUSG00000021996 11.5 12.2 13.2 13.4 11.6 11.9 13.0 12.6 Esd 

ENSMUSG00000094796 6.8 8.0 10.1 10.2 7.0 7.9 9.6 9.4 BC147527 

ENSMUSG00000071653 9.6 10.2 10.5 11.0 9.7 10.0 10.1 10.2 1810009A15Rik 

ENSMUSG00000021024 11.8 12.7 13.5 13.5 12.0 12.3 13.2 12.7 Psma6 
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Table A.A 3: Lead Genes for GSEA analysis of murine orthologs in human CITE-seq. 

Mouse gene Human Gene Mouse Gene Human Gene Mouse Gene Human Gene 

Il1r2 IL1R2 Xcl1 C15orf48 Bop1 BOP1 

Tnfrsf4 TNFRSF4 Sectm1a SECTM1 Top2a TOP2A 

Zbtb32 ZBTB32 Trib1 TRIB1 Stip1 STIP1 

Ccl3 CCL3L3 Tigit TIGIT Cenpe CENPE 

Il2ra IL2RA Slco4a1 SLCO4A1 Epsti1 EPSTI1 

Ccl20 CCL20 Lgals3 LGALS3 Ppif PPIF 

Tnfrsf9 TNFRSF9 Il15ra IL15RA Mreg MREG 

Ccr8 CCR8 Lag3 LAG3 Irf8 IRF8 

Foxp3 FOXP3 Ccr5 CCR5 Mapkapk3 MAPKAPK3 

Ebi3 EBI3 Pdcd1 PDCD1 Atf3 ATF3 

Ifng IFNG Snx10 SNX10 Srm SRM 

Lta LTA Inpp1 INPP1 Slc35f2 SLC35F2 

Osm OSM Ggt1 GGTLC1 Orc1 ORC1 

Csf2rb CSF2RB Tnfsf14 TNFSF14 Gbp3 GBP4 

Tnf TNF Lgals1 LGALS1 Ifi35 IFI35 

Gzmb GZMB Ctla4 CTLA4 Psme2 PSME2 

Ccl4 CCL4 Cd274 CD274 Cdkn3 CDKN3 

Wars WARS1 Tnip3 TNIP3 Fscn1 FSCN1 

Batf3 BATF3 Knl1 KNL1 Dok2 DOK2 

Fosl1 FOSL1 Trip13 TRIP13 Fanca FANCA 

Xcl1 XCL2 Tbx21 TBX21 Hspd1 HSPD1 

Il12rb2 IL12RB2 Tnfsf9 TNFSF9 Usp18 USP18 

Cdkn1a CDKN1A Gbp5 GBP5 Ctps CTPS1 

Rgs16 RGS16 Aurka AURKA Hsph1 HSPH1 

Dusp5 DUSP5 Stx11 STX11 Capg CAPG 

Uhrf1 UHRF1 Il2rb IL2RB Ninj1 NINJ1 

Tpx2 TPX2 Tk1 TK1 Tap1 TAP1 

Tnfrsf11a TNFRSF11A Oas3 OAS3 Jpt1 JPT1 

Ifit3b IFIT3 Socs1 SOCS1 Pole2 POLE2 

Uck2 UCK2 Oas1g OAS1 Hyou1 HYOU1 

Gadd45g GADD45G H2-Eb2 HLA-DRB1 Ccr6 CCR6 

Tesc TESC Ccdc86 CCDC86 Lacc1 LACC1 

Clspn CLSPN Ccnb1 CCNB1 Sh2d2a SH2D2A 

Jakmip1 JAKMIP1 Stat1 STAT1 Samd9l SAMD9L 

Irf4 IRF4 Nusap1 NUSAP1 Eif5a EIF5A 

Rgs1 RGS1 Ezh2 EZH2 Ninj2 NINJ2 

Cks2 CKS2 Tuba1b TUBA1B Ifih1 IFIH1 
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Mouse gene Human Gene Mouse Gene Human Gene Mouse Gene Human Gene 

Birc3 BIRC3 Ccr2 CCR2 Nolc1 NOLC1 

Cxcr3 CXCR3 Rsad2 RSAD2 Hells HELLS 

Hsp90ab1 HSP90AB1 Arhgap11a ARHGAP11A Cmpk2 CMPK2 

Hspa8 HSPA8 Cct3 CCT3 Mybbp1a MYBBP1A 

Hnrnpab HNRNPAB Ube2t UBE2T Slc25a22 SLC25A22 

Il21r IL21R Cdca8 CDCA8 Galnt6 GALNT6 

Dusp2 DUSP2 Tfdp1 TFDP1 Rnf213 RNF213 

Nefh NEFH 4930579G24Rik C4orf46 Cd226 CD226 

Ctsc CTSC Acp2 ACP2 Grwd1 GRWD1 

Nfkb2 NFKB2 Metrnl METRNL Nol10 NOL10 

Asf1b ASF1B Eif6 EIF6 Noc2l NOC2L 

H2-Ab1 HLA-DQB2 Ahcy AHCY Slc9a7 SLC9A7 

Psmd11 PSMD11 Plaur PLAUR Pcna PCNA 

Adgre1 ADGRE1 H1f5 H1-5 Thop1 THOP1 

Bst2 BST2 Dnajb11 DNAJB11 Igflr1 IGFLR1 

Sgo1 SGO1 Plk4 PLK4 Gars GARS1 

Hsp90aa1 HSP90AA1 Sppl2a SPPL2A Blm BLM 

Rmi2 RMI2 Pfn1 PFN1 Slc7a1 SLC7A1 

Bcat1 BCAT1 Oasl1 OASL Hrh2 HRH2 

Foxm1 FOXM1 Calr CALR Chek1 CHEK1 

Emilin2 EMILIN2 Ppa1 PPA1 Rtp4 RTP4 

Dusp10 DUSP10 Pdss1 PDSS1 Racgap1 RACGAP1 

Isg15 ISG15 Actb ACTB Helz2 HELZ2 

Pop1 POP1 Kif11 KIF11 Psmb8 PSMB8 

Ctsz CTSZ Psmd2 PSMD2 Gins3 GINS3 

Casp3 CASP3 Ifi44 IFI44 Hspa9 HSPA9 

Cenpn CENPN Ddx39a DDX39A Ccne1 CCNE1 

Rrp12 RRP12 Hspa5 HSPA5 Brca1 BRCA1 

Egr1 EGR1 Parpbp PARPBP Actr3 ACTR3 

Pgam1 PGAM1 Zc3h12a ZC3H12A Coa7 COA7 

Tasl TASL Stil STIL H2ax H2AX 

Creld2 CRELD2 Ddx21 DDX21 Panx1 PANX1 

Tubb5 TUBB Egr3 EGR3 Ggct GGCT 

Nfkbia NFKBIA Mcm5 MCM5 Mx1 MX1 

Pdia6 PDIA6 Ccr4 CCR4 Pold2 POLD2 

Ltb LTB Nod2 NOD2 Gar1 GAR1 

Sdf2l1 SDF2L1 Arg2 ARG2 Gramd3 GRAMD2B 
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Mouse gene Human Gene Mouse Gene Human Gene Mouse Gene Human Gene 

Tpi1 TPI1 Cenpo CENPO Tcf19 TCF19 

Prf1 PRF1 Aim2 AIM2 Acp5 ACP5 

Xaf1 XAF1 Glipr2 GLIPR2 Egln3 EGLN3 

Nfkbib NFKBIB Cct8 CCT8 Kif18a KIF18A 

Efhd2 EFHD2 Pa2g4 PA2G4 Il4ra IL4R 

Gnpda1 GNPDA1 Samhd1 SAMHD1 Gmppb GMPPB 

Slc2a6 SLC2A6 Nup93 NUP93 Apol6 APOL6 

Ncapg2 NCAPG2 Cfl1 CFL1 Sla SLA 

Rars RARS1 Trim25 TRIM25 Rangap1 RANGAP1 

Il18bp IL18BP Wdr1 WDR1 Gart GART 

Ak2 AK2 Ftsj3 FTSJ3 Usb1 USB1 

Got1 GOT1 Trim21 TRIM21 Serbp1 SERBP1 

Relb RELB Il12rb1 IL12RB1 Ly6e LY6E 

Atic ATIC Nup62 NUP62 Nrros NRROS 

Shcbp1 SHCBP1 Arpc1b ARPC1B Gpr55 GPR55 

Dnph1 DNPH1 Ccdc51 CCDC51 Pdia3 PDIA3 

Mvp MVP Grina GRINA   

Ldha LDHA Gng2 GNG2   
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Table A.A4: Top 200 differentially expressed genes in volcano plot related to Figure 3.12L 

gene 

average R 

value gene 

average R 

value gene 

average R 

value 

IL10 6.0926 TEX9 1.6734 MCOLN2 1.5006 

UNC13B 2.4667 MAK  1.6716 SLC19A2 1.4982 

SLC27A2 2.3566 DUSP6 1.6638 RTN4IP1 1.4958 

GZMH  2.2368 TTLL4 1.6393 PROB1 1.4936 

LNP1 2.2002 GZMB  1.6361 MRPL12 1.4911 

CRIM1 2.1891 SORD 1.6341 RASGRF2 1.4880 

NCS1 2.0642 OR5A2 1.6314 SLC1A5 1.4864 

MATR3-1 2.0623 MAMLD1  1.6313 SMN1 1.4851 

ZBED2 2.0314 HSPA4L 1.6076 EEF1A2 1.4819 

ITPRIPL2 2.0143 BRCA1 1.6076 PYCR1 1.4815 

KCNH3 1.9607 NAPSA 1.5979 FAM8A1 1.4755 

CSF2 1.9387 FRS3 1.5939 SCARB1 1.4668 

PCDHGA10 1.9286 PRSS23 1.5892 ARMCX4 1.4662 

TMEM121 1.9233 CDC6 1.5603 HAGHL 1.4630 

ZNF57 1.9004 PLCD3 1.5583 SPHK1 1.4622 

CCL3 1.8960 SYT5 1.5579 SYTL2 1.4606 

SPIRE1 1.8791 PON2 1.5501 PPP1R16A 1.4594 

SEMA7A 1.8607 PDCD1 1.5460 TRBV5-4 1.4459 

USP31 1.8517 KCNC4 1.5449 NT5DC2 1.4392 

ANKLE1 1.8385 BRMS1L 1.5395 CNKSR3 1.4355 

POLR3G 1.8359 LIPG 1.5389 CDKL1 1.4348 

WDR62 1.8200 WDR31 1.5364 CTIF 1.4334 

HOXB3 1.8067 BIVM  1.5325 ZNF19 1.4305 

PMF1-

BGLAP 1.7874 AIF1 1.5255 SLC24A1 1.4304 

CCNF 1.7845 GZMA  1.5240 UBTD1 1.4271 

ELOVL6 1.7650 SPDYE16 1.5230 DLGAP3 1.4097 

CCL4 1.7545 SETBP1 1.5200 TROAP 1.4084 

SLC46A1 1.7465 SMAD5 1.5185 RPP40 1.3974 

CCDC113 1.7354 SETD9 1.5162 PPP1R3B 1.3906 

LPIN3 1.7238 ADGRG5 1.5145 ACSF2 1.3799 

FOSL1 1.7154 ZNF324 1.5117 SMIM13 1.3795 

SCART1 1.7122 SLAMF7 1.5108 GINS1 1.3788 

PDSS1 1.6990 SAPCD2 1.5032 IL18RAP 1.3761 

CAMKK1 1.6960 TYMS 1.5022 LSM11 1.3662 

CCR5 1.6844 KCNV1 1.5019 KIAA0556 1.3657 

IFNG 1.6775 ARL6 1.5019 HES6 1.3629 
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gene 

average R 

value gene 

average R 

value gene 

average R 

value 

MFAP3 1.3613 PLAGL1 1.2941 SPDYE3 1.2298 

TMEM97 1.3611 OR7C1 1.2940 CDC20 1.2297 

STRIP2 1.3516 TSPOAP1 1.2909 FZD3 1.2285 

IMPA2 1.3503 PRMT3 1.2909 ZFP1 1.2246 

MCTP2 1.3461 NPM3 1.2845 ZFYVE9 1.2227 

SLC27A5 1.3447 USP13 1.2844 CENPL 1.2217 

INAFM2 1.3443 TMEM192 1.2796 CENPN 1.2210 

SLC43A1 1.3423 NKG7 1.2783 TTK 1.2209 

CTTN 1.3375 KNSTRN 1.2769 DECR2 1.2207 

EGR2 1.3375 NEFH 1.2751 RAB20 1.2197 

KBTBD8 1.3353 B3GNT10 1.2746 PARL 1.2183 

PRPF40B 1.3351 AC015802.6 1.2718 HSPA2 1.2163 

SNX16 1.3343 GFOD1 1.2699 ZNF544 1.2156 

CERS6 1.3314 ANKS6 1.2686 PUS7 1.2151 

RRS1 1.3280 FAM57A 1.2669 C2CD4D 1.2136 

SCD5 1.3278 MOCS3 1.2631 F12 1.2125 

POLR3B 1.3243 HYAL2 1.2629 PLCB1 1.2124 

METTL22 1.3240 TRIP13 1.2605 ZNF134 1.2111 

FASTKD1 1.3214 RNF157 1.2596 TTLL1 1.2101 

OR10G4 1.3211 SLC9A3R2 1.2594 NLE1 1.2091 

INPP5A 1.3204 PEX10 1.2578 SLC29A1 1.2083 

ZNF519 1.3184 TESK1 1.2546 NRROS 1.2064 

TSC22D1 1.3117 RRP12 1.2460 MYO1D 1.2052 

AK4 1.3112 IMPACT 1.2457 EXOSC4 1.2038 

APOBR 1.3108 NOMO1 1.2450 WDR66 1.1998 

TMEM201 1.3077 C3orf14 1.2446 ENKD1 1.1994 

ZCCHC4 1.3067 DHRS11 1.2442 POC1A 1.1960 

NBPF1 1.2993 DHX57 1.2424 DOT1L 1.1951 

ZNF257 1.2992 ZNF778 1.2388 PISD 1.1940 

PLEKHG4 1.2988 KLHL15 1.2339 CENPU 1.1927 

SOX12 1.2975 GMEB2 1.2303   
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Appendix B: Scripts in R for Analysis of RNAseq Data  

--- 

title: "RNAseq_0-3dpi infection kinetics_GRCM39" 

output: html_document 

--- 

 

12/15/22 

noticed that previous analysis had a problem with metadata, where some controls were 

incorrectly labeled. Will repeat analysis with correct annotation, etc.  

also, the genome center has changed their reference file for sequence alignment, causing some 

problems with forward/backwards compatibility of samples, and so i will repeat the previous 

analyses with all of the samples that are now aligned to GRCM39, the newest alignment 

available for the mouse genome.  

 

this is an analysis for short-term response RNAseq experiments 1 and 2. I want to add the 

additional uninfected samples from experiment 1, such that I will have a better n for this 

experiment within each group to perform statistical robust tests.  

 

I do have samples within each timepoint for both primary and secondary infections that appear to 

be uninfected; however, as I did technically attempt to infect them, it is the more appropriate 

approach to exclude them from the analysis.  

 

libraries  

 

```{r}  

library(DESeq2) 

library(org.Mm.eg.db) 

library(pheatmap) 

library(tximport) 

library(RColorBrewer) 

library(tibble) 

library(dplyr) 

library(ggplot2) 

library(ggVennDiagram) 

library(tidyverse) 

library(enrichplot) 

library(ggplot2) 

library(clusterProfiler) 

library(ensembldb) 

library(data.table) 

library(VennDiagram) 

``` 
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setup metadata for analysis 

as previously mentioned, I will use all the samples in exp2 that were confirmed to be infected, 

and exclude the samples that were not infected 

also including the uninfected controls from exp1 

 

will exclude infected samples from exp1, because they looked variable from this round of 

infections;  

```{r}  

#read in metadata (coldata is for all sequenced files up until this point, 12/15/22; will just slice 

off irrelevant files) 

coldata <- read.csv(file = "~/farber-lab/ayy2110/RNASeq/reference_files/RNAseq_coldata.csv") 

#list names of all files/samples 

#create a list of directories to all samples 

qfiles <- file.path("~/kallisto_output_grcm39", list.files(path = "~/kallisto_output_grcm39"), 

"abundance.h5") 

#append quant files to coldata 

coldata$files <- qfiles 

#remove undesired samples from analysis 

coldata_kx <- coldata %>% slice(-c(4:12, 16:25, 59:72)) 

``` 

 

remove samples that were not infected 

uninfected sample determined by lack of viral reads when attempting to align the RNAseq data 

to viral transcriptome 

remove samples: DA040, DA043, DA055  

```{r}  

coldata_kx <- coldata_kx %>% slice(-c(21, 24, 36)) 

``` 

 

gene annotation 

```{r}  

#read gene annotation file 

txdb <- makeTxDbFromGFF(file="~/farber-

lab/ayy2110/RNASeq/reference_files/Mus_musculus.GRCm39.108.gtf.gz") 

k <- keys(txdb, keytype = "TXNAME") 

tx2gene <- AnnotationDbi::select(txdb, k, "GENEID", "TXNAME") 

``` 

load in counts data (from kallisto) using tximport 

```{r}  

#run tximport (creates a counts table) 

txi_kx <- tximport(files = coldata_kx$files, 
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                    type = "kallisto", 

                    tx2gene = tx2gene, 

                    ignoreTxVersion = TRUE) 

``` 

convert some coldata metadata into factors so that deseq can run; seems to be a problem? 

```{r}  

coldata_kx$batch <- as.factor(coldata_kx$batch) 

coldata_kx$status_time <- as.factor(coldata_kx$status_time) 

``` 

create deseq object 

```{r}  

ddsTxi_kx <- DESeqDataSetFromTximport(txi = txi_kx,  

                                   colData = coldata_kx, 

                                   design = ~ batch + status_time) 

``` 

 

run deseq2  

```{r}  

ddsTxi_kx <- DESeq(ddsTxi_kx) 

``` 

 

######analysis###### 

 

PCA plot test 

check that samples are stratified by biology and not batch effect  

```{r}  

rld_kx <- rlog(ddsTxi_kx, blind = FALSE) 

plotPCA(rld_kx,  

        intgroup = c("status_time"), 

        ntop = 500) + stat_ellipse() 

 

plotPCA(rld_kx, 

        intgroup = c("infection"),  

        ntop = 500) 

 

plotPCA(rld_kx, 

        intgroup = c("dpi"),  

        ntop = 500) 

 

plotPCA(rld_kx, 

        intgroup = c("batch"),  

        ntop = 500) 
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plotPCA(rld_kx, 

        intgroup = c("infection", "dpi"), 

        ntop = 500) 

####make a more aesthetic PCA Plot; make primary/secondary all a color gradient 

colors <- c((rep(reds[2], 3)), 

            (rep(blues[2], 3)), 

            (rep(reds[2], 2)), 

            (rep(reds[3], 5)),  

            (rep(reds[4], 5)), 

            (rep(reds[5], 4)), 

            (rep(blues[2], 2)), 

            (rep(blues[3], 4)), 

            (rep(blues[4], 4)), 

            (rep(blues[5], 4)) 

) 

 

pcadata <- plotPCA(rld_kx,  

        intgroup = c("status_time"), 

        ntop = 500, 

        returnData = TRUE) 

percentvar <- round(100 * attr(pcadata, "percentvar")) 

pcadata <- ggplot(pcadata, 

       aes(x = PC1, 

           y = PC2,  

           color = status_time)) +  

         geom_point(size = 3) + 

         xlab(paste0("PC1: ", percentvar[1], "% variance")) + 

         ylab(paste0("PC1: ", percentvar[2], "% variance")) + 

         coord_fixed() 

 

pcadata + scale_fill_manual(values = colors) 

######PC loadings as dotplot 

PC_loadings_all <- prcomp(t(assay(rld_kx))) 

 

PC1 <- as.data.frame(hi_loadings(PC_loadings_all, topN = 1000, exprTable = 

counts(ddsTxi_kx), whichpc = 1)) 

PC1$Symbol <- mapIds(org.Mm.eg.db, 

                                   keys = row.names(PC1), 

                                   column = "SYMBOL", 

                                   keytype = "ENSEMBL", 

                                   multiVals = "first") 

PC2 <- as.data.frame(hi_loadings(PC_loadings_all, topN = 1000, exprTable = 

counts(ddsTxi_kx), whichpc = 2)) 
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PC2$Symbol <- mapIds(org.Mm.eg.db, 

                                   keys = row.names(PC2), 

                                   column = "SYMBOL", 

                                   keytype = "ENSEMBL", 

                                   multiVals = "first") 

ggarrange(dotplot(enrichGO(gene = PC1$Symbol, 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 10), 

         dotplot(enrichGO(gene = PC2$Symbol, 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 10), 

         ncol = 2) 

 

write.csv(PC1, "~/farber-lab/ayy2110/RNASeq/misc/PC1.csv") 

write.csv(PC2, "~/farber-lab/ayy2110/RNASeq/misc/PC2.csv") 

 

##identify the genes that are upregulated/downregulated in PC2 

rld_kx_table <- assay(rld_kx) 

IAV_kx_DEG_rld <- as.data.frame(rld_kx_table) 

IAV_kx_DEG_rld <- rownames_to_column(IAV_kx_DEG_rld, var = "GeneID") 

IAV_kx_DEG_rld <- semi_join(IAV_kx_DEG_rld, IAV_kx_DEG, by = "GeneID") 

is.na(IAV_kx_DEG_rld) <- sapply(IAV_kx_DEG_rld, is.infinite) 

IAV_kx_DEG_rld[is.na(IAV_kx_DEG_rld)] <- 0 

 

PC2$GeneID <- row.names(PC2) 

 

PC2 <- semi_join(IAV_kx_DEG_rld, PC2, by = "GeneID") 

 

row.names(PC2) <- PC2[, 1] 

PC2[, 1] <- NULL 

PC2 <- PC2[, c(1:3, 7:22, 4:6, 23:36)] 

 

PC2 <- data.frame( pri_0 = rowMeans(PC2[, c(1:5)]), 

                  pri_1 = rowMeans(PC2[, c(6:10)]), 

                  pri_2 = rowMeans(PC2[, c(11:15)]), 

                  pri_3 = rowMeans(PC2[, c(16:19)]), 

                  sec_0 = rowMeans(PC2[, c(20:24)]), 

                  sec_1 = rowMeans(PC2[, c(25:28)]), 

                  sec_2 = rowMeans(PC2[, c(29:32)]), 



220 

 

                  sec_3 = rowMeans(PC2[, c(33:36)])) 

 

pheatmap(PC2[, ],  

         scale = "row", 

         show_rownames = FALSE, 

         cutree_rows = 3, 

         cluster_cols = FALSE, 

         cluster_rows = TRUE, 

         treeheight_col = 0, 

         treeheight_row = 0) 

 

#identify the 3 clusters 

PC2_clusters <- cbind(PC2,  

                      cluster = cutree( 

                        (pheatmap(PC2[, ],  

         scale = "row", 

         show_rownames = FALSE, 

         cutree_rows = 3, 

         cluster_cols = FALSE, 

         cluster_rows = TRUE, 

         treeheight_col = 0, 

         treeheight_row = 0) 

            )$tree_row, k = 3) 

                      ) 

#annotate 

PC2_clusters$Symbol <- mapIds(org.Mm.eg.db, 

                                  keys = row.names(PC2_clusters), 

                                  column = "SYMBOL", 

                                  keytype = "ENSEMBL", 

                                  multiVals = "first") 

 

for (i in 1:3) { 

  df <- dplyr::filter (PC2_clusters, cluster == i) 

  file_name <- paste0("~/farber-lab/ayy2110/RNASeq/misc/PC2cluster_", i, ".csv") 

  write.csv(df, file_name) 

}  

 

``` 

identification of DEGs (DEG, UP, DOWN) 

custom function 

```{r}  

##DEG 

##identification of differentially expressed genes (DEGs) 
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#write a function "DEG" for identifying DEGs for given comparison  

#DEG takes arguments: 

#results table <- results pulled from DESeq2 

#comparison  < - desired comparison  

#pvadj <- chosen adjusted p value of interest 

#log2fc <- log2 fold change cutoff for significance  

##function: 

#read in deseq2 results 

#annotate deseq2 results  

#change rownames to first column so that GeneIDs are preserved  

#subset based on padj 

#subset the subset(padj) based on LFC 

#remove pseudogenes 

#remove weird indexing for rownames that happens 

#show number of genes that past "significance" filter (significant as defined by input padj + 

LFC) 

#write results as csv file  

#write "significant" results into a csv file  

DEG <- function(results_table, comparison, pvadj, log2fc) { 

    results_df <- as.data.frame(results_table) 

    results_df$Symbol <- mapIds(org.Mm.eg.db, 

                                             keys = row.names(results_df), 

                                             column = "SYMBOL", 

                                             keytype = "ENSEMBL", 

                                             multiVals = "first")   

    results_df <- rownames_to_column(results_df, var = "GeneID") 

    results_df_DEG_padj <- results_df[which(results_df$padj < pvadj), ] 

    results_df_DEG_padj_lfc <- results_df_DEG_padj[which( 

      abs(results_df_DEG_padj$log2FoldChange) > log2fc),] 

    results_df_DEG_padj_lfc <- 

results_df_DEG_padj_lfc[!is.na(results_df_DEG_padj_lfc$Symbol),] 

    row.names(results_df_DEG_padj_lfc) <- NULL 

    print(nrow(results_df_DEG_padj_lfc)) 

    print(write.csv(results_df[order(results_df$padj),],  

                    file = paste("~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/DEG/IAV_all_", comparison, ".csv"), 

                    quote = FALSE, row.names = FALSE, col.names = TRUE)) 

    print(write.csv(results_df_DEG_padj_lfc,  

                    file = paste("~/farber-lab/ayy2110/RNASeq/total_analysis_plus/DEG/IAV_all_", 

comparison, "_", "padj", pvadj, "L2FC", log2fc, ".csv" ), 

                    quote = FALSE, row.names = FALSE, col.names = TRUE)) 

    return(results_df_DEG_padj_lfc) 

}  
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#write code to find downregulated genes and upregulated genes 

##UPG 

UPG <- function(results_table, comparison, pvadj, log2fc) { 

  results_df <- as.data.frame(results_table) 

  results_df$Symbol <- mapIds(org.Mm.eg.db, 

                              keys = row.names(results_df), 

                              column = "SYMBOL", 

                              keytype = "ENSEMBL", 

                              multiVals = "first")   

  results_df <- rownames_to_column(results_df, var = "GeneID") 

  results_df_DEG_padj <- results_df[which(results_df$padj < pvadj), ] 

  results_df_DEG_padj_lfc <- results_df_DEG_padj[which( 

    results_df_DEG_padj$log2FoldChange > log2fc),] 

  results_df_DEG_padj_lfc <- 

results_df_DEG_padj_lfc[!is.na(results_df_DEG_padj_lfc$Symbol),] 

  row.names(results_df_DEG_padj_lfc) <- NULL 

  print(nrow(results_df_DEG_padj_lfc)) 

  print(write.csv(results_df_DEG_padj_lfc,  

                  file = paste("~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/UPG/IAV_all_", comparison, ".csv", 

                               comparison, "_", "padj", pvadj, "L2FC", log2fc, ".csv" ), 

                  quote = FALSE, row.names = FALSE, col.names = TRUE)) 

  return(results_df_DEG_padj_lfc) 

}  

 

#DOWNG 

DOWNG <- function(results_table, comparison, pvadj, log2fc) { 

  results_df <- as.data.frame(results_table) 

  results_df$Symbol <- mapIds(org.Mm.eg.db, 

                              keys = row.names(results_df), 

                              column = "SYMBOL", 

                              keytype = "ENSEMBL", 

                              multiVals = "first")   

  results_df <- rownames_to_column(results_df, var = "GeneID") 

  results_df_DEG_padj <- results_df[which(results_df$padj < pvadj), ] 

  results_df_DEG_padj_lfc <- results_df_DEG_padj[which( 

    results_df_DEG_padj$log2FoldChange < -log2fc),] 

  results_df_DEG_padj_lfc <- 

results_df_DEG_padj_lfc[!is.na(results_df_DEG_padj_lfc$Symbol),] 

  row.names(results_df_DEG_padj_lfc) <- NULL 

  print(nrow(results_df_DEG_padj_lfc)) 

  print(write.csv(results_df_DEG_padj_lfc,  
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                  file = paste("~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/DOWNG/IAV_all_", comparison, ".csv", 

                               comparison, "_", "padj", pvadj, "L2FC", log2fc, ".csv" ), 

                  quote = FALSE, row.names = FALSE, col.names = TRUE)) 

  return(results_df_DEG_padj_lfc) 

}  

 

##annotation function 

annotate <-function(df) { 

  df <- as.data.frame(df) 

  df$Symbol <- mapIds(org.Mm.eg.db, 

                              keys = rownames(df), 

                              column = "SYMBOL", 

                              keytype = "ENSEMBL", 

                              multiVals = "first") 

  return(df) 

}  

 

##extract a ranked genelist by p-value 

rank.pval <- function(df) { 

  df <- as.data.frame(df) 

  df <- data.frame( Symbol = c(df$Symbol), 

                    pval = c(df$pvalue)) 

  return(df) 

}  

 

``` 

 

make pairwise comparisons across each sample to baseline 

```{r}  

#list timepoints 

pri_kx <- c("pri_1", "pri_2", "pri_3") 

sec_kx <- c("sec_1", "sec_2", "sec_3") 

#create an empty list for results 

res_kx_raw = list() 

res_kx_DEG = list() 

#loop through pairwise comparisons of each timepoint to baseline,storing each result as an object 

inside results list 

for (i in 1:length(pri_kx)) { 

  res_kx_raw[[pri_kx[i]]] = annotate(results(ddsTxi_kx, contrast = c("status_time", pri_kx[i], 

"pri_0"))) 

  res_kx_DEG[[pri_kx[i]]] = DEG(res_kx_raw[[pri_kx[i]]], pri_kx[i], 0.05, 1 ) 

}  
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for(i in 1:length(sec_kx)) { 

    res_kx_raw[[sec_kx[i]]] = annotate(results(ddsTxi_kx, contrast = c("status_time", sec_kx[i], 

"sec_0"))) 

    res_kx_DEG[[sec_kx[i]]] = DEG(res_kx_raw[[sec_kx[i]]], sec_kx[i], 0.05, 1) 

}  

 

``` 

 

make a venn diagram for DEGs of primary/secondary versus baseline 

```{r}  

##make a venn diagram comparing primary v secondary response 

#make genelists for primary and secondary responses; remove duplicates 

pri_list <- rbind(res_kx_DEG[[1]], res_kx_DEG[[2]], res_kx_DEG[[3]]) 

pri_list <- pri_list[!duplicated(pri_list$Symbol),] 

sec_list <- rbind(res_kx_DEG[[4]], res_kx_DEG[[5]], res_kx_DEG[[6]]) 

sec_list <- sec_list[!duplicated(sec_list$Symbol),] 

reds <- brewer.pal(9, "Reds") 

blues <- brewer.pal(9, "Blues") 

 

draw.pairwise.venn( 

  area1 = nrow(pri_list), 

  area2 = nrow(sec_list),  

  cross.area = length(intersect(pri_list$Symbol, sec_list$Symbol)), 

  category = c("secondary", "primary"),  

  scaled = TRUE, 

  col = "black", 

  fill = c(reds[4], blues[4]), 

  lty = "blank", 

  lwd = 3, 

  rotation.degree = 180 

) 

 

##donna asked for comparison between primary and secondary mice at day0, so will make a 

venn here for up/d 

###notes 

##the category names and the area references actually DONT match up --> this is because i 

wanted to rotate the image 180degrees such that "primary" was on the left, and "secondary" was 

on the right. the default settings of this package put the larger of the two sets on the left, 

regardless of the size. so i rotated it and changed the labels such that in the actual image, it is 

correct, although the code to get there is wonky.  

 

``` 
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heatmap for total IAV response signature 

```{r}  

##concatenate all DEGS in the IAV response across primary and secondary samples to create 

IAV response signature 

IAV_kx_DEG <- rbindlist(res_kx_DEG) 

IAV_kx_DEG <- IAV_kx_DEG[!duplicated(IAV_kx_DEG$Symbol)] 

is.na(IAV_kx_DEG) <- sapply(IAV_kx_DEG, is.infinite) 

row.names(IAV_kx_DEG) <- NULL 

 

#create a table of normalized counts for IAV DEGs 

rld_kx_table <- assay(rld_kx) 

IAV_kx_DEG_rld <- as.data.frame(rld_kx_table) 

IAV_kx_DEG_rld <- rownames_to_column(IAV_kx_DEG_rld, var = "GeneID") 

IAV_kx_DEG_rld <- semi_join(IAV_kx_DEG_rld, IAV_kx_DEG, by = "GeneID") 

is.na(IAV_kx_DEG_rld) <- sapply(IAV_kx_DEG_rld, is.infinite) 

IAV_kx_DEG_rld[is.na(IAV_kx_DEG_rld)] <- 0 

 

#reorder dataframe to put primary samples on left and secondary samples on right 

row.names(IAV_kx_DEG_rld) <- IAV_kx_DEG_rld[,1] 

IAV_kx_DEG_rld[,1] <- NULL 

IAV_kx_DEG_rld <- IAV_kx_DEG_rld[, c(1:3, 7:22, 4:6, 23:36)] 

 

##generate heatmap 

pheatmap(IAV_kx_DEG_rld[, ],  

         scale = "row", 

         show_rownames = FALSE, 

         cutree_rows = 6, 

         cluster_cols = FALSE, 

         cluster_rows = TRUE, 

         treeheight_col = 0, 

         treeheight_row = 0) 

 

## 

##identify clusters 

#store 5-clustered heatmap as an object  

clusters_kx <- pheatmap(IAV_kx_DEG_rld[, ],  

                           scale = "row", 

                           show_rownames = FALSE, 

                           cutree_rows = 5, 

                           cluster_cols = FALSE, 

                           cluster_rows = TRUE, 

                           treeheight_col = 0, 
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                           treeheight_row = 0) 

#find genes in the clusters 

IAV_kx_DEG_clusters <- cbind(IAV_kx_DEG_rld, 

                          cluster = cutree(clusters_kx$tree_row, k = 5)) 

#annotate genes with gene symbols 

IAV_kx_DEG_clusters$Symbol <- mapIds(org.Mm.eg.db, 

                                  keys = row.names(IAV_kx_DEG_clusters), 

                                  column = "SYMBOL", 

                                  keytype = "ENSEMBL", 

                                  multiVals = "first") 

#write mini-function to write clusters to csv file  

ClusterFinder <- function(x) { 

  df <- dplyr::filter (IAV_kx_DEG_clusters, cluster == x) 

  print(write.csv(df,  

                  file = paste("~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/clusters/IAV_DEG_cluster_",x,".csv"))) 

}  

#find clusters 

lapply(1:5, ClusterFinder) 

##annotate heatmap 

##annotate clusters 

anno_genes_df <- data.frame(cluster = cutree(clusters_kx$tree_row, k = 5)) 

anno_genes_df$cluster <- as.factor(anno_genes_df$cluster) 

anno_genes_GO_df <- anno_genes_df 

anno_genes_GO_df$cluster <- as.character(anno_genes_GO_df$cluster) 

anno_genes_GO_df[anno_genes_GO_df == "1"] <- "B/T cell activation" 

anno_genes_GO_df[anno_genes_GO_df == "2"] <- "metabolism" 

anno_genes_GO_df[anno_genes_GO_df == "3"] <- "cytokine response" 

anno_genes_GO_df[anno_genes_GO_df == "4"] <- "cilia motility"  

anno_genes_GO_df[anno_genes_GO_df == "5"] <- "innate immune response" 

 

#generate 5-clustered heatmap, annotated with colors and categories 

pheatmap(IAV_kx_DEG_rld[, ], 

         scale = "row",  

         cutree_row = 5,  

         show_rownames = FALSE, 

         show_colnames = FALSE, 

         cluster_rows = TRUE,  

         cluster_cols = FALSE, 

         treeheight_col = 0, 

         treeheight_row = 0, 

         annotation_row = anno_genes_GO_df 

 ) 
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####remake heatmap with different scale (-2.5, 2) to enhance differences/contrast 

 

breaks = c(seq(-2.5, 2.5,length.out=100)) 

 

pheatmap(IAV_kx_DEG_rld[, ], 

         scale = "row",  

         cutree_row = 5,  

         show_rownames = FALSE, 

         show_colnames = FALSE, 

         cluster_rows = TRUE,  

         cluster_cols = FALSE, 

         treeheight_col = 0, 

         treeheight_row = 0, 

         annotation_row = anno_genes_GO_df, 

         color = colorRampPalette(c("Blue",'#EBECF0', "Red"),interpolate='spline')(100), 

         breaks = breaks) 

 

``` 

compare each timepoint across primary/secondary infection to determine which gene signatures 

are preferentially enriched in primary/secondary response 

```{r}  

pri_kx_tmpts <- c("pri_0", "pri_1", "pri_2", "pri_3") 

sec_kx_tmpts <- c("sec_0", "sec_1", "sec_2", "sec_3") 

tmpts <- c("d0", "d1", "d2", "d3") 

 

res_raw_kx_tmpts <- list() 

res_DEG_kx_tmpts <- list() 

 

for (i in 1:length(pri_kx_tmpts)){ 

  res_raw_kx_tmpts[[sec_kx_tmpts[i]]] = results(ddsTxi_kx, contrast = c("status_time", 

sec_kx_tmpts[i], pri_kx_tmpts[i])) 

  res_DEG_kx_tmpts[[sec_kx_tmpts[i]]] = DEG(res_raw_kx_tmpts[[sec_kx_tmpts[i]]], tmpts[i], 

0.05, 1) 

}  

``` 

 

```{r}  

##find cytokines that are significantly differentially expressed when comparing primary vs 

secondary responses 

#cytokine_DEG <- intersect(cytokines_list$GeneID, IAV_tmpts_DEGs$GeneID) 

cytokine_kx_DEG <- read.csv(file = "~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/references/DEG_cytokines2.csv") 
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cytokine_kx_DEG_df <- rld_kx_table[cytokine_kx_DEG$GeneID, ] 

cytokine_kx_DEG_df <- cytokine_kx_DEG_df - rowMeans((cytokine_kx_DEG_df)) 

cytokine_kx_DEG_df <- as.data.frame(cytokine_kx_DEG_df) 

####also looked for some other cytokines that had different IDs; will upload them via S3 

#annotation 

cytokines_names <- cytokine_kx_DEG$name 

anno_cytokines_rows <- as.data.frame(cytokine_kx_DEG$family) 

names(anno_cytokines_rows)[1] <- "Cytokine Family" 

rownames(anno_cytokines_rows) <- cytokine_kx_DEG$GeneID 

 

colors_RdYlBu <- brewer.pal(11, "RdYlBu") 

anno_cytokines_colors <- as.data.frame(cytokine_kx_DEG$family) 

anno_cytokines_colors <- list( 

  "Cytokine Family" = c( 

    "IFN" = pastel2[2], 

    "IL1" = colors_RdYlBu[3], 

    "IL10" = pastel2[1], 

    "IL12" = pastel2[4], 

    "IL17" = pastel2[5], 

    "other" = colors[5], 

    "IL2" = colors_RdYlBu[5], 

    "IL6" = colors_RdYlBu[1] 

    )) 

## 

#annotate columns 

anno_col <- data.frame("status" = coldata_kx$status_time) 

rownames(anno_col) <- coldata_kx$status_time 

#reorder dataframe to put primary samples on left and secondary samples on right 

cytokine_kx_DEG_df <- cytokine_kx_DEG_df[, c(1:3, 7:22, 4:6, 23:36)] 

 

breaks = c(seq(-2, 2,length.out=100)) 

 

pheatmap(cytokine_kx_DEG_df,  

         cluster_cols = FALSE,  

         cluster_rows = TRUE, 

         scale = "row", 

         labels_row = cytokines_names,  

         annotation_row = anno_cytokines_rows, 

         annotation_col = anno_col, 

         show_colnames = FALSE, 

         show_rownames = TRUE, 

         color = colorRampPalette(c("Blue",'#EBECF0', "Red"),interpolate='spline')(100), 

         breaks = breaks) 
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#collapse columns/biological samples into single cols 

cytokine_kx_DEG_df <- data.frame( pri_0 = rowMeans(cytokine_kx_DEG_df[, c(1:5)]), 

                  pri_1 = rowMeans(cytokine_kx_DEG_df[, c(6:10)]), 

                  pri_2 = rowMeans(cytokine_kx_DEG_df[, c(11:15)]), 

                  pri_3 = rowMeans(cytokine_kx_DEG_df[, c(16:19)]), 

                  sec_0 = rowMeans(cytokine_kx_DEG_df[, c(20:24)]), 

                  sec_1 = rowMeans(cytokine_kx_DEG_df[, c(25:28)]), 

                  sec_2 = rowMeans(cytokine_kx_DEG_df[, c(29:32)]), 

                  sec_3 = rowMeans(cytokine_kx_DEG_df[, c(33:36)])) 

##rename rownames to symbols so that it plots in a more readable way 

rownames(cytokine_kx_DEG_df) <- mapIds(org.Mm.eg.db, 

                    keys = rownames(cytokine_kx_DEG_df), 

                    keytype = "ENSEMBL",  

                    column = "SYMBOL") 

#change annotation row matrix to have the symbols 

rownames(anno_cytokines_rows) <- mapIds(org.Mm.eg.db, 

                    keys = rownames(anno_cytokines_rows), 

                    keytype = "ENSEMBL",  

                    column = "SYMBOL") 

#regenerate new heatmap 

pheatmap(cytokine_kx_DEG_df,  

         cluster_cols = FALSE,  

         cluster_rows = TRUE, 

         scale = "row", 

         labels_row = cytokines_names,  

         annotation_row = anno_cytokines_rows, 

         treeheight_row = 30, 

         show_colnames = FALSE, 

         show_rownames = TRUE, 

         color = colorRampPalette(c("Blue",'#EBECF0', "Red"),interpolate='spline')(100), 

         breaks = breaks) 

 

##get normalized counts to make into charts in prism 

cytokine_DEG_counts <- as.data.frame(counts(ddsTxi_kx, normalized = 

T)[cytokine_kx_DEG$GeneID, ]) 

colnames(cytokine_DEG_counts) <- coldata_kx$status_time 

#rearrange samples by timepoints 

cytokine_DEG_counts <- cytokine_DEG_counts[, c(1:3, 7:22, 4:6, 23:36)] 

#rename geneIDs to symbols 

rownames(cytokine_DEG_counts) <- cytokine_kx_DEG$other_names 

#write to S3 bucket 
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write.csv(cytokine_DEG_counts, file = "~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/misc/cytokines_counts_DEG_ensemblID.csv") 

 

``` 

 

### 

dot plot for ORA analysis 

```{r}  

###############ORA using GO 

##find genes in only primary 

priGO <- enrichGO(gene = setdiff(pri_list$Symbol, sec_list$Symbol), 

          OrgDb = org.Mm.eg.db, 

          keyType = "SYMBOL", 

          ont = "BP") 

dotplot(priGO, 

        showCategory = 5) + aes(x) + xlim(0, 0.075) 

test <- dotplot(priGO, showCategory = 5) + aes(x) + xlim(0, 0.075) 

   

 

 

secGo <- enrichGO( gene = setdiff(sec_list$Symbol, pri_list$Symbol), 

                   OrgDb = org.Mm.eg.db, 

                   keyType = "SYMBOL", 

                   ont = "BP") 

dotplot(secGo, showCategory = 5)  + aes(x) + xlim(0, 0.075) 

 

test2 <- dotplot(secGo, showCategory = 5)  + aes(x) + xlim(0, 0.075) 

 

interGo <- enrichGO( gene = intersect(sec_list$Symbol, pri_list$Symbol), 

                     OrgDb = org.Mm.eg.db, 

                     keyType = "SYMBOL", 

                     ont = "BP") 

 

dotplot(interGo) + aes(x) + xlim(0, 0.075) 

 

test3 <- dotplot(interGo) + aes(x) + xlim(0, 0.075) 

 

##align 3 graphs in one plot 

plot_grid(test, test2, test3, ncol = 1, align = "v") 

``` 

###compare cluster dotplot 

```{r}  

#format df 
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df <- res_kx_DEG[[1]]['GeneID'] 

df$EntrezID <- mapIds(org.Mm.eg.db, 

                    keys = df$GeneID, 

                    keytype = "ENSEMBL",  

                    column = "ENTREZID") 

df$time <- "1dpi" 

df$infection <- "primary" 

 

for (i in 2:6) { 

df2 <- res_kx_DEG[[i]]['GeneID'] 

df2$EntrezID <- mapIds(org.Mm.eg.db, 

                      keys = df2$GeneID, 

                      keytype = "ENSEMBL",  

                      column = "ENTREZID") 

    if (i < 4) {df2$time <- paste0(i, "dpi")} 

else {df2$time <- paste0(i-3, "dpi") } 

    if (i < 4) { df2$infection <- "primary" } 

else { df2$infection <- "secondary"} 

df <- rbind(df, df2)  

}  

 

#comparecluster 

xx <- compareCluster(EntrezID~time+infection, data = df, fun = "enrichGO", OrgDb = 

org.Mm.eg.db) 

dotplot(xx, x = "time") + facet_grid(~infection) 

 

``` 

figure 2a 

```{r}  

###goal:: collapse biological replicates and produce a heatmap with that to illustrate the B/T 

cell/innate pathway differences 

IAV_kx_DEG <- rbindlist(res_kx_DEG) 

IAV_kx_DEG <- IAV_kx_DEG[!duplicated(IAV_kx_DEG$Symbol)] 

is.na(IAV_kx_DEG) <- sapply(IAV_kx_DEG, is.infinite) 

row.names(IAV_kx_DEG) <- NULL 

 

#create a table of normalized counts for IAV DEGs 

rld_kx_table <- assay(rld_kx) 

IAV_kx_DEG_rld <- as.data.frame(rld_kx_table) 

IAV_kx_DEG_rld <- rownames_to_column(IAV_kx_DEG_rld, var = "GeneID") 

IAV_kx_DEG_rld <- semi_join(IAV_kx_DEG_rld, IAV_kx_DEG, by = "GeneID") 

is.na(IAV_kx_DEG_rld) <- sapply(IAV_kx_DEG_rld, is.infinite) 

IAV_kx_DEG_rld[is.na(IAV_kx_DEG_rld)] <- 0 
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#reorder dataframe to put primary samples on left and secondary samples on right 

row.names(IAV_kx_DEG_rld) <- IAV_kx_DEG_rld[,1] 

IAV_kx_DEG_rld[,1] <- NULL 

IAV_kx_DEG_rld <- IAV_kx_DEG_rld[, c(1:3, 7:22, 4:6, 23:36)] 

 

##generate heatmap 

pheatmap(IAV_kx_DEG_rld[, ],  

         scale = "row", 

         show_rownames = FALSE, 

         cutree_rows = 5, 

         cluster_cols = FALSE, 

         cluster_rows = TRUE, 

         treeheight_col = 0, 

         treeheight_row = 0, 

         annotation_row = anno_genes_GO_df) 

pmap <- pheatmap(IAV_kx_DEG_rld[, ],  

                 scale = "row", 

                 show_rownames = FALSE, 

                 cutree_rows = 5, 

                 cluster_cols = FALSE, 

                 cluster_rows = TRUE, 

                 treeheight_col = 0, 

                 treeheight_row = 0) 

 

##clustering 

#find genes in the clusters 

clusters<- cbind(IAV_kx_DEG_rld, 

                          cluster = cutree(pmap$tree_row, k = 5)) 

#annotate genes with gene symbols 

clusters$Symbol <- mapIds(org.Mm.eg.db, 

                                  keys = row.names(IAV_kx_DEG_clusters), 

                                  column = "SYMBOL", 

                                  keytype = "ENSEMBL", 

                                  multiVals = "first") 

##annotate heatmap 

##annotate clusters 

anno_genes_df <- data.frame(cluster = cutree(pmap$tree_row, k = 5)) 

anno_genes_df$cluster <- as.factor(anno_genes_df$cluster) 

anno_genes_GO_df <- anno_genes_df 

anno_genes_GO_df$cluster <- as.character(anno_genes_GO_df$cluster) 

anno_genes_GO_df[anno_genes_GO_df == "1"] <- "1" 

anno_genes_GO_df[anno_genes_GO_df == "2"] <- "2" 
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anno_genes_GO_df[anno_genes_GO_df == "3"] <- "3" 

anno_genes_GO_df[anno_genes_GO_df == "4"] <- "4" 

anno_genes_GO_df[anno_genes_GO_df == "5"] <- "5" 

 

###extract gene order for a 5-cluster heatmap generated this way 

order <- pmap$tree_row[["order"]] 

##rearrange rows in new rowmeans df 

df <- data.frame( pri_0 = rowMeans(IAV_kx_DEG_rld[, c(1:5)]), 

                  pri_1 = rowMeans(IAV_kx_DEG_rld[, c(6:10)]), 

                  pri_2 = rowMeans(IAV_kx_DEG_rld[, c(11:15)]), 

                  pri_3 = rowMeans(IAV_kx_DEG_rld[, c(16:19)]), 

                  sec_0 = rowMeans(IAV_kx_DEG_rld[, c(20:24)]), 

                  sec_1 = rowMeans(IAV_kx_DEG_rld[, c(25:28)]), 

                  sec_2 = rowMeans(IAV_kx_DEG_rld[, c(29:32)]), 

                  sec_3 = rowMeans(IAV_kx_DEG_rld[, c(33:36)])) 

df <- df[order, ] 

breaks = c(seq(-2, 2,length.out=100)) 

 

##scaled heatmap of the original clustering 

pheatmap(df[, ], 

         scale = "row",  

         cutree_rows = 5,  

         show_rownames = FALSE, 

         cluster_cols = FALSE, 

         cluster_rows = FALSE, 

         treeheight_col = 0, 

         treeheight_row = 0, 

         color = colorRampPalette(c("Blue",'#EBECF0', "Red"),interpolate='spline')(100), 

         breaks = breaks, 

         annotation_row = anno_genes_GO_df) 

 

##extract symbols for the genes, so that i can create a custom geneset for GSEA 

genesets <- as.data.frame(anno_genes_GO_df) 

genesets$symbols <- mapIds(org.Mm.eg.db, 

                                   keys = row.names(genesets), 

                                   column = "SYMBOL", 

                                   keytype = "ENSEMBL", 

                                   multiVals = "first") 

genesets <- genesets[order(genesets$cluster), ] 

write.csv(genesets, file = "~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/references/heatmap_genesets.csv") 
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############### 

###GO ORA for the clusters 

ggarrange(dotplot(enrichGO(clusters$Symbol[clusters$cluster == 1], 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 20), 

         dotplot(enrichGO(clusters$Symbol[clusters$cluster == 2], 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 20), 

          dotplot(enrichGO(clusters$Symbol[clusters$cluster == 3], 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 20), 

          dotplot(enrichGO(clusters$Symbol[clusters$cluster == 4], 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 20), 

         dotplot(enrichGO(clusters$Symbol[clusters$cluster == 5], 

                           OrgDb = org.Mm.eg.db, 

                           keyType = "SYMBOL", 

                           ont = "BP"), 

                  showCategory = 20), 

         ncol = 5) 

``` 

 

fold-change trajectory curves for the clusters in IAV kx heatmap 

```{r}  

#see if i can generate the curves to show trajectory of these clusters 

#find "normalized relative expression values" 

#append the normalized counts to each gene/timepoint 

df <- as.data.frame(counts(ddsTxi_kx)) 

df <- rownames_to_column(df, var = "GeneID") 

df <- semi_join(df, IAV_kx_DEG, by = "GeneID") 

rownames(df) <- df[, 1] 

df[, 1] <- NULL 

#rearrange samples to group infection/timepoints 

df <- df[, c(1:3, 7:22, 4:6, 23:36)] 

#collapse biological replicates 
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df <- data.frame( pri_0 = rowMeans(df[, c(1:5)]), 

                  pri_1 = rowMeans(df[, c(6:10)]), 

                  pri_2 = rowMeans(df[, c(11:15)]), 

                  pri_3 = rowMeans(df[, c(16:19)]), 

                  sec_0 = rowMeans(df[, c(20:24)]), 

                  sec_1 = rowMeans(df[, c(25:28)]), 

                  sec_2 = rowMeans(df[, c(29:32)]), 

                  sec_3 = rowMeans(df[, c(33:36)])) 

 

######################### 

######################### 

##run stats on fold-change line graph in rnaseq figure by treating each gene as a measurement 

#see if i can generate the curves to show trajectory of these clusters 

#find "normalized relative expression values" 

#append the normalized counts to each gene/timepoint 

df <- as.data.frame(counts(ddsTxi_kx)) 

df <- rownames_to_column(df, var = "GeneID") 

df <- semi_join(df, IAV_kx_DEG, by = "GeneID") 

rownames(df) <- df[, 1] 

df[, 1] <- NULL 

#rename cols to the sample/timepoint 

colnames(df) <- coldata_kx$status_time 

#rearrange samples to group infection/timepoints 

df <- df[, c(1:3, 7:22, 4:6, 23:36)] 

##take row-means for the baseline measurement (primary, secondary), and calculate fold-change 

for each sample and gene relative to this as the denominator  

df2 <- data.frame(pri_0 = rowMeans(df[, c(1:5)]), 

                  sec_0 = rowMeans(df[, c(20:24)])) 

#append value for each sample; 

#create a df where col1 = rowmeans for primary baseline sample, and col2 = rowmeans for 

secondary baseline sample, and the cols are the subsequent samples, primary and then secondary 

df2 <- data.frame(df2,  

                  df[, c(6:19)], 

                  df[, c(25:36)]) 

#replace 0s with 1s to avoid divide-by-0 errors (this will result in +/-inf) 

df2 <- replace(df2, df2 == 0, 1) 

 

#normalize each sample to baseline (divide each column(sample) to the "baseline" value - 

calculated by taking the average of all uninfected/baseline samples) 

df3 <- data.frame(matrix(nrow = nrow(df), ncol = 26)) 

for (i in 3:28) { 

  if (i < 17)  

    {df3[, i -2] <- df2[, i]/df2[, 1]}  
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  else  

  {df3[, i -2] <- df2[, i]/df2[, 2]}  

}  

#rename columns to the previous numbers, to keep their annotation consistent with the sample 

number in coldata  

colnames(df3) <- c(colnames(df2[, 3:28])) 

#calculate colmeans <-- mean fold change for each sample, normalized to baseline 

df3 <- log2(df3) 

#### 

##rearrange entries into the correct order to correspond to the clusters in IAV kx DEG heatmap 

pmap <- pheatmap(IAV_kx_DEG_rld[, ],  

                 scale = "row", 

                 show_rownames = FALSE, 

                 cutree_rows = 5, 

                 cluster_cols = FALSE, 

                 cluster_rows = TRUE, 

                 treeheight_col = 0, 

                 treeheight_row = 0) 

#extract gene order for this  

order_counts <- pmap$tree_row[["order"]] 

#re-list genes into this order 

df3 <- df3[order_counts, ] 

##identify the clusters 

clusters<- cbind(df, 

                 cluster = cutree(pmap$tree_row, k = 5)) 

clusters <- clusters[order_counts, ] 

#create a list to count the number of genes in each cluster 

for (i in 1:5) { 

  list[[i]] < - sum(clusters$cluster == i) 

}  

#create a dataframe where each ROW refers to the sample, and each COLUMN is the average 

fold-change for the cluster (this is because R creates dataframes by defining columns) 

df4 <- data.frame( 

  cluster3 = colMeans(df3[1:1456,]), 

  cluster5 = colMeans(df3[1457:2057,]), 

  cluster1 = colMeans(df3[2058:3162,]), 

  cluster2 = colMeans(df3[3163:3752,]), 

  cluster4 = colMeans(df3[3753:5894,]) 

) 

 

rownames(df4) <- colnames(df3) 

#tranpose df4 so it's in the same format as other df's 

df4 <- t(df4) 
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#export this as a csv so that i can graph it in prism 

write.csv(df4, file = "~/farber-lab/ayy2110/RNASeq/3-day kinetics 

analysis_grcm39/clusters/5cluster_L2FC.csv") 

``` 

convert mouse genes to human genes for additional analysis from julia 

```{r}  

library(dplyr) 

mouse_human_genes = 

read.csv("http://www.informatics.jax.org/downloads/reports/HOM_MouseHumanSequence.rpt",

sep="\t") 

 

convert <- function(gene_list){ 

   

  output = c() 

   

  for(gene in gene_list){ 

    class_key = (mouse_human_genes %>% dplyr::filter(Symbol == gene & 

Common.Organism.Name=="mouse, laboratory"))[['DB.Class.Key']] 

    if(!identical(class_key, integer(0)) ){ 

      human_genes = (mouse_human_genes %>% dplyr::filter(DB.Class.Key == class_key & 

Common.Organism.Name=="human"))[,"Symbol"] 

      for(human_gene in human_genes){ 

        output = append(output,human_gene) 

      }  

    }  

  }  

 

  return (output) 

}  

 

hlist <- convert (dplyr::filter (IAV_kx_DEG_clusters, cluster == 1)$Symbol) 

#remove duplicates 

hlist <- unique(hlist) 

hlist <- data.frame( gene = hlist ) 

 

######create a list of genes that are upregulated in the seconday response, from cluster 1 of the 

RNAseq heatmap data; this cluster was named "T-cell activation" becuase of how it maps in 

gene ontology 

##check if genes are up or downregulated 

#list of relevant genes 

mlist <- dplyr::filter (IAV_kx_DEG_clusters, cluster == 1)$Symbol 

#as a dataframe 

mlist <- data.frame ( Symbol = mlist) 
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#for loop to iterate over the different timepoints; take a gene as up if it is up at any timepoint 

#create an empty dataframe to store the results 

upmlist <- data.frame() 

downmlist <- data.frame() 

for (i in 4:6) { 

  #subset deseq2 results dataframe to only upregulated genes 

  up_df <- res_kx_raw[[i]][res_kx_raw[[i]]$log2FoldChange > 2, ] 

  #if the value is positive, take the symbol and deposit it in a new df 

  #by taking the inner join with mlist, which are genes from T-cell activation cluster, i guarentee 

subsetting only significant DEGs 

  up_df2 <- inner_join(mlist, up_df, by = "Symbol") 

  #append these results to my df uphlist for all upregulated genes over 1-3dpi, regardless of when 

  upmlist <- rbind(upmlist, up_df2) 

  ##repeat process for downregulated genes 

  down_df <- res_kx_raw[[i]][res_kx_raw[[i]]$log2FoldChange < 0, ] 

  down_df2 <- inner_join(mlist, down_df, by = "Symbol") 

  downmlist <- rbind(downmlist, down_df2) 

}  

 

####check any upregulated DEG in the secondary infection, compared to baseline 

##note - these DEGs are padj < 0.05 and L2FC <1 

up_mdf <- data.frame() 

for (i in 4:6) { 

  df <- res_kx_DEG[[i]][res_kx_DEG[[i]]$log2FoldChange > 0, ] 

  up_mdf <- rbind (df, up_mdf) 

}  

#remove duplicates 

up_mdf <- up_mdf[!duplicated(up_mdf$Symbol), ] 

 

####make another list for upregulated in secondary infection, compared to baseline 

##allow for DEGs have any L2FC < 0, and padj < 0.05 

up_mdf2 <- data.frame() 

for (i in 4:6) { 

    df <- res_kx_raw[[i]][res_kx_raw[[i]]$log2FoldChange > 0, ] 

    up_mdf2 <- rbind (df, up_mdf2) 

}  

up_mdf2 <- up_mdf2[up_mdf2$padj < 0.05, ] 

 

####check any upregulated DEG in the secondary infection, preferentially upregulated in 

comparison to primary infection 

up_mdf3 <- data.frame() 

for (i in 2:4) { 

  df <- res_DEG_tmpts[[i]][res_DEG_tmpts[[i]]$log2FoldChange > 0, ] 
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  up_mdf3 <- rbind (df, up_mdf3) 

}  

#remove duplicates 

up_mdf3 <- up_mdf3[!duplicated(up_mdf3$Symbol), ] 

 

 

##### 

#####convert this list to human names 

##uphlist1 = upregulated human genes from T-cell activation cluster 

uphlist1 <- convert(upmlist$Symbol) 

###downhlist <- convert(downmlist$Symbol) 

##decided to ignore downgenes 

 

##uphlist2 = upregulated human genes in the secondary response, at any timepoint, compared to 

baseline/uninfeceted;with L2FC < 1 

uphlist2 <- convert(up_mdf$Symbol) 

 

##uphlist3 = upregulated human genes in secondary response, at any timepoint compared to 

baseline/uninfected, AND allowing for any L2FC < 0  

uphlist3 <- convert(up_mdf2$Symbol) 

 

##uphlist4 = upregulated human genes in the secondary response, compared to the primary 

response 

uphlist4 <- convert(up_mdf3$Symbol) 

 

##remove duplicates in these human gene lists 

uphlist1 <- unique(uphlist1) 

uphlist2 <- unique(uphlist2) 

uphlist3 <- unique(uphlist3) 

uphlist4 <- unique(uphlist4) 

####check intersection of these lists with genes from Julia's dataset 

##read in human list of upregulated genes from T-cell stim from Julia 

JDP_upTgenes <- read.csv(file ="~/farber-

lab/ayy2110/RNASeq/reference_files/jdp/CopyOfAimGenes.csv") 

#first row incorrectly imported as colnames, so convert it to first row 

JDP_upTgenes <- rbind(colnames(JDP_upTgenes), JDP_upTgenes) 

#subset to just human genes from her dataset, which is column 1 

JDP_upTgenes <- as.data.frame(JDP_upTgenes[, 1]) 

#trim off excess rows; im not sure why i have so many empty rows 

JDP_upTgenes <- JDP_upTgenes[1:2196, ] 

 

##quantify overlap 

for (i in 1:4) { 
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  print(length(intersect(JDP_upTgenes, get(paste0("uphlist", i))))) 

}  

 

#rather than dealing with differently-legnthed vectors here, i'll simply export all of these lists to 

make the excel file i want to send to julia 

write.csv(uphlist1, "~/farber-lab/ayy2110/Figures/JDP figure/uphlist1.csv") 

write.csv(uphlist2, "~/farber-lab/ayy2110/Figures/JDP figure/uphlist2.csv") 

write.csv(uphlist3, "~/farber-lab/ayy2110/Figures/JDP figure/uphlist3.csv") 

write.csv(uphlist4, "~/farber-lab/ayy2110/Figures/JDP figure/uphlist4.csv") 

 

##also export intersects of each of these genesets 

write.csv(data.frame( 

              intersect(uphlist1, JDP_upTgenes)), 

          "~/farber-lab/ayy2110/Figures/JDP figure/intersect_1.csv") 

write.csv(data.frame( 

              intersect(uphlist2, JDP_upTgenes)), 

          "~/farber-lab/ayy2110/Figures/JDP figure/intersect_2.csv") 

write.csv(data.frame( 

              intersect(uphlist3, JDP_upTgenes)), 

          "~/farber-lab/ayy2110/Figures/JDP figure/intersect_3.csv") 

write.csv(data.frame( 

              intersect(uphlist4, JDP_upTgenes)), 

          "~/farber-lab/ayy2110/Figures/JDP figure/intersect_4.csv") 

##### 

``` 
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Appendix C: Scripts in Bash for Pseudoalignment of Viral Genome 

in RNAseq Data 

cd '/home/ubuntu/farber-lab/ayy2110/RNASeq/exp1/RNAseq data/' 

for R1_file in *R1_001.fastq.gz 

do 

 

R2_file=${R1_file//_R1_/_R2_} 

output_folder=('/home/ubuntu/kallisto_output_combined/'${R1_file//_R1_001.fastq.gz//}) 

echo Running kallisto on $R1_file $R2_file and outputting to $output_folder 

kallisto quant -i '/home/ubuntu/pr8.grcm39.idx' -o $output_folder -b 100 <(zcat $R1_file) <(zcat 

$R2_file) 

done 

 

cd '/home/ubuntu/farber-lab/ayy2110/RNASeq/exp2/Fastq files/' 

for R1_file in *R1_001.fastq.gz 

do 

 

R2_file=${R1_file//_R1_/_R2_} 

output_folder=('/home/ubuntu/kallisto_output2_combined/'${R1_file//_R1_001.fastq.gz//}) 

echo Running kallisto on $R1_file $R2_file and outputting to $output_folder 

kallisto quant -i '/home/ubuntu/pr8.grcm39.idx' -o $output_folder -b 100 <(zcat $R1_file) <(zcat 

$R2_file) 

done  
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Appendix D: Enhanced antiviral responses in unrelated secondary 

respiratory viral infections  

In chapter 3, we explored mechanisms for protection in secondary heterologous infections, 

finding that TRM mediate protection from morbidity and immunopathology by enhancing early IL-

10 production. While TRM are able to mediate rapid antigen-specific protection through the 

recognition of conserved internal epitopes in heterologous viral infections, we are also frequently 

exposed to a diverse array of non-homologous and non-heterologous novel viruses283ï286. Many of 

our studies of immune responses to infection utilize inbred or specific-pathogen free mouse models 

to improve reproducibility and minimize variation; however, these mice fail to accurately model 

the human immune response to infection32. Human barrier site immunity is a complex ecosystem 

in which adaptive immune memory and innate populations are seeded from infancy, developing 

and evolving over a lifetime, producing a dynamic ever-changing landscape31ï33. Studies on viral 

infections such as IAV, COVID-19, dengue fever, human immunodeficiency virus (HIV), 

cytomegalovirus (CMV), and RSV have shown that the order in which pathogen exposure occurs 

greatly impacts both the subsequent development and deployment of immune 

responses315,316,453,454. Mouse models of sequential infection have found variable results in which 

initial infection with SARS-CoV-2 followed by IAV infection was protective whereas initial 

infection with IAV followed by SARS-CoV-2 exacerbated inflammation and worsened disease 

outcome, highlighting the complex biology that underlies protective immune responses56,455ï457. 

To understand human secondary antiviral responses, it is essential to first characterize and 

define how primary respiratory viral infections remodel the lung environment, and then 

mechanistically dissect their interactions to comprehensively elucidate the nature of protective 

immunity. Studies on primary respiratory viral infections have demonstrated that primary 
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infections establish lasting epigenetic changes in innate immune populations such as macrophages 

and NK cells leading to enhanced protective responses in subsequent infections by increased 

production of inflammatory cytokines such as TNF-Ŭ, IL-1, IL-6, and IFN-ɔ120,458. Furthermore, 

tissue resident memory populations such as TRM can respond to inflammatory cytokines in a non-

antigen specific manner to proliferate and enhance immune responses through the production IFN-

ɔ181,182,459,460. In chapter 3, we demonstrated that TRM can respond in an antigen-specific manner to 

produce IL-10 to control excessive inflammatory responses. However, in the absence of antigen-

specific responses in non-heterologous secondary infections, it is unclear what mechanisms exist 

to control the cumulative nonspecific inflammation from trained immune populations, which are 

primed to enhance inflammatory responses, and bystander activation in memory cells, which can 

further amplify inflammatory responses. Here, we use a mouse model of sequential disparate 

infections to elucidate the lung immune response to secondary challenge. 

To investigate how the changed immune landscape alters the induction of the immune 

response to secondary infection, we utilized a murine model of disparate secondary influenza 

infection in which mice were primed with a sublethal dose of IBV are challenged 5-6 weeks later 

as ñmemoryò mice with a disparate (non-homologous, non-heterologous) strain of IAV (PR8; 

H1N1) (Figure A.B.1A). Primary infection controls were naïve mice infected with PR8 (Figure 

A.B.1A). While mice undergoing primary and secondary infection exhibited similar weight loss 

kinetics at each timepoint, mice undergoing secondary infection exhibited overall less weight loss 

and significantly improved survival (Figure A.B.1B-C).  
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Figure A.B.1: Enhanced protection in disparate secondary infections. 

 (A) Naµve and ñmemoryò (mice that were previously infected with IBV) WT C57BL6/J mice were 

challenged with IAV  (PR8; H1N1) influenza virus to assess primary and secondary immune 

responses, respectively. (A) experimental schematic (B) weight loss morbidity and (C) survival 

curve of mice undergoing primary (red) and secondary (blue) infection, compiled from 2 

independent experiments with n = 25 mice per group. Statistical significance was determined by 

Mantel-Cox test (survival) and 2-way ANOVA (weight loss). ****, p Ò 0.0001; ***; p Ò 0.001; 

**, p Ò 0.01; *, p Ò 0.05.  

 

  Considering that primary infections permanently change the immune landscape of the lung, 

we hypothesized that events occurring early in the lungs during the secondary response were 

driving enhanced survival. For an unbiased assessment of lung-localized immune responses, we 

performed RNAseq on whole mouse lungs from naïve and memory mice at baseline (day 0) and 

at 2dpi. Principal component analysis (PCA) of the RNAseq data revealed distinct clustering 

between primary and secondary responses along PC2 and between uninfected and infected samples 

along PC1(Figure A.B.2A). PC1, the major principal component driving the 65% of the variance 

between samples, is related to innate antiviral responses comprising genes such as Oasl1, Cgas, 

Oas3, Ifnb1, Ifnl3, Il1a, and Tlr6 (Figure A.B.2A-B). PC2 segregates primary and secondary 
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infections (Figure A.B.2A). Gene ontology analysis of PC2 revealed an enrichment for ontologies 

related to lung structure, suggesting that the lung environment itself is responding differently in 

secondary infections, and a large humoral component, likely attributable to the many 

immunoglobulin genes in PC2 (Figure A.B.2B). Further analysis into the genes that comprise PC2 

reveals genes associated with complement such as Fcgr2b, C3, and Fcgr1 but also notably Ifng 

and Tcf7. These results indicate that main driver of variation between samples was due to infection 

although primary and secondary responses induced distinct antiviral responses.  
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Figure A.B.2: Distinct induction of immune responses to primary and secondary infections. 

RNAseq was performed on whole-lung samples of naïve and memory mice at baseline (uninfected, 

ñ0dpiò) and 2 days post-infection (dpi) for 4-5 mice per group, compiled from two independent 

experiments. (A) Principal Component Analysis (PCA) plot depicting the stratification of samples 

based on the top 500 differentially expressed genes. (B) Top 10 enriched pathways from PC1 and 

PC2 as determined by Gene Ontology. Statistical significance was calculated by Wilcoxon Rank-

Sum test. 

 

 To further elucidate the differential response in primary and secondary infections, we 

performed differential gene expression on samples undergoing primary and secondary infection at 

2dpi, revealing 5 distinct clusters (C1-C5) of differentially expressed genes (Figure B.A.3A). 

Cluster 1 (Extracellular matrix, adhesion) comprises genes associated with adhesion and 

extracellular matrix such as Col5ai, Notch3, Vcl, Tgfa, and Pdgfrb that are preferentially 

upregulated in secondary responses (Figure B.A.3A-C). While cluster 2 (Extracellular 

organization) is enriched for similar pathways as cluster 1, it is preferentially upregulated in 

primary responses with negligible upregulation in secondary responses, containing a distinct set 

of genes such as Egfr, Cdh3, Pdgfra. Cluster 3 (Cilia motility) is preferentially downregulated in 

primary responses and is enriched for ontologies related to cilia motility and function, such as 

Cfap70, Dnai4, and Odad2. Cluster 4 (B-cell mediated immunity) contains genes related to 

humoral immunity and complement activation such as Ighm, Igha, and Ighg3. While this cluster 

is differentially expressed between primary and secondary responses with a higher expression in 

memory mice, fold-change analysis relative to baseline revealed that this cluster is comparably 

downregulated in both primary and secondary responses. Secondary immune responses 
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preferentially upregulate cluster 5 (interferon-mediated immune response), which is enriched for 

antiviral interferons such as Ifnab, Ifna14, and Ifng and genes associated with T cell-stimulation 

such as Cd86 and Il27. Together, this differential gene expression analysis reveals that that 

secondary infections elicit distinct non-immune responses and enhanced antiviral immune 

responses in the lung.   

 

 

Figure A.B. 3: Features distinguishing the induction of the immune response to primary 

and secondary respiratory viral infections.  














