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ABSTRACT 

 

 Tumor progression locus 2 (Tpl2, MAP3K8, COT) is a serine threonine kinase known to 

regulate inflammation in a variety of infections, cancers, and autoimmune diseases. During infection, 

Tpl2 responds in a cell type-specific manner by transducing signals downstream of various pathogen 

recognition receptors initiating induction of pro-inflammatory mediators, which regulate the 

recruitment of various cell types to the site of infection. Our lab has shown previously that Tpl2-/- mice 

succumb to influenza infection, however the root cause of morbidity and mortality have not yet been 

identified. The goal of this project is to determine the cellular and molecular mechanisms by which 

Tpl2 genetic ablation leads to exacerbation of disease during influenza infection. We observed that a 

heightened immune response rather than impaired viral control was primarily responsible for increased 

disease severity in Tpl2-/- mice. Specifically, over-expression of interferon-β (IFN-β), interferon- 

(IFN-) and CCL2 along with increased recruitment of inflammatory monocytes and neutrophils 

characterized the lungs of influenza-infected Tpl2-/- mice at 7 days post infection (dpi). We next 

examined the effect of Tpl2 ablation on the immune response to influenza in the absence of type I 

IFN (T1 IFN) signaling using IFNAR-/- (Interferon Alpha Receptor 1 knockout) mice to determine 



if deregulated T1 IFN response in Tpl2-/- mice could be the sole cause of enhanced disease severity. 

However, the IFNAR-/-Tpl2-/- mice succumbed to influenza infection by 7 dpi, earlier than either 

IFNAR-/- or Tpl2-/- mice. The enhanced morbidity and mortality in IFNAR-/-Tpl2-/-, was attributed 

to this switch from excessive monocyte recruitment in Tpl2-/- mice to excessive neutrophil 

recruitment in IFNAR-/-Tpl2-/- mice, accompanied by excessive levels of IL-6, IL-1β, IFN-, IFN-

λ and CXCL1. Further histological and clinical examination of Tpl2-/- mice revealed pulmonary 

edema and alveolar damage similar to the pathology seen in hospitalized influenza patients who 

develop Acute Respiratory Distress Syndrome (ARDS). Collectively, these studies demonstrate the 

importance of Tpl2 in preventing respiratory exacerbations caused by influenza infections by 

regulating the IFN response and the influx of inflammatory cells that induce pulmonary damage, 

which progresses to ARDS-like disease.  
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CHAPTER 1 

INTRODUCTION 

 

 

INFLUENZA VIRUS AND THE INFECTION CYCLE  

Influenza virus belongs to the Orthomyxoviridae family of viruses and has an enveloped genome 

of negative sense single-stranded RNA1. While there are currently 7 known genera in this family 

with 9 species of virus, only viruses from A and B genera infect humans2. The genome for the 

genera A and B is comprised of 8 segments encoding 11 proteins. While Influenza B virus also 

causes seasonal infections in humans and is included in annual vaccines3, this review will focus 

on the Influenza A Viruses (IAV).  

Structurally, the virus has in the innermost a nucleocapsid comprised of the RNA genome coated 

with the Nucleoprotein (NP) and the heterotrimeric RNA-directed RNA polymerase composed of 

Polymerase Basic protein 1 (PB1), Polymerase Basic protein 2 (PB2) and Polymerase Acidic 

protein (PA)4,5. This capsid along with nuclear export protein (NEP), is then encapsulated by the 

matrix protein (M1)6,7. Finally, the outermost layer is made of glycoproteins Hemagglutinin (HA) 

and Neuraminidase (NA) embedded into the host derived lipid bilayer envelope, along with Matrix 

(M2) Ion Channels1,8.  

HA interaction with the Salic acid on the host cell allows for attachment of the virion and further 

receptor mediated endocytosis for the virus to enter the cell8,9 (Figure 1.1). While the endosome 

continues towards the nucleus, the acidic environment of the endosome induces opening of the M2 

channels and dissociation of M1 with the nucleocapsid10,11. NEP allows for the capsid to 
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translocate into the host’s nucleus where genome replication and transcription occur using the host 

machinery7,12. Initially the mRNA (+strand) is made from the viral RNA template to transcribe 

more viral proteins. Meanwhile, further viral RNA templates are synthesized complementary to 

the mRNA strand, to be the genetic material for progeny viruses13,14. Nuclear export signals are 

utilized to facilitate translocation from the nucleus into the cytoplasm for packaging, assembly and 

the progeny virions bud the surface of the host cell, within a portion of the lipid bilayer14. 

 

SEASONAL AND PANDEMIC INFLUENZA VIRUSES 

IAV are further classified into subtypes based on the combination of HA and NA proteins on their 

surface. There are 18 known HA subtypes and 11 known NA subtypes, of which H1N1 (ie. HA 1 

protein and NA 1 protein) and H3N2 are the most common seasonal variants in humans15.  

Bar two subtypes, most of the subtypes are found infecting bird species16,17. As birds are the natural 

reservoir of influenza A viruses, they are the basis of classifying the infectivity of the avian strains 

that can have economic or health impact on humans. Most viruses only cause disease in their 

primary avian host, either wild or domesticated poultry, and are called Low Pathogenic Avian 

Influenza viruses (LPAI)18,19. However, when circulating within poultry certain LPAI can mutate 

and become more infectious and resurface as Highly Pathogenic Avian Influenza viruses (HPAI) 

that are capable of killing 90-100% of the flock and also cause epidemics in livestock that 

necessitates trade restrictions20,21. Avian viruses do not easily infect humans, but it can occur 

occasionally when the virus gets close to the mucosal surface in the human hosts mouth, eyes or 

nose. Virus transmission can occur from one infected individual to another susceptible person 

through aerosols or respiratory fomites22,23. With LPAI, the infections usually do not transmit from 

one infected person to another, with only 1 human case known so far24. When we consider 
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influenza strains that have caused major health disasters for humans classified as pandemics, there 

have been 4 namely, 1918 H1N1 avian based influenza pandemic, two pandemics in 1957 and 

1968 that were caused by avian based influenza strains of H3N2 lineage and finally, the 2009 

pandemic caused a new H1N1 virus from swine origin called (H1N1) pdm0925. Comparatively, 

the HPAI strain of H5N1 has been involved in 850 cases with 50-60% case fatality, mostly due to 

the strain lacking the ability for human-human transmission3, suggesting that not all HPAI strains 

have the potential to affect human health on a pandemic scale. However seasonally we have 

various stains (not necessarily avian in origin) that significantly impact human health.  

Influenza disease worldwide results in 3 to 5 million cases of severe illness, and about 290,000 to 

650,000 respiratory deaths annually according to WHO estimates26. While immune memory of 

infections and vaccinations do help to combat the seasonal infection, there are several factors that 

hamper this protection. Vaccinations are made based on predictions of the strains expected to 

predominate in a season based on antigenic shift and drift. Antigenic drift refers to the events 

where point mutations are introduced in the influenza genome (similar to general virus 

evolution)27. However, added variation is also introduced due to antigenic shift. Antigenic shift is 

the byproduct of having extensive and overlapping host reservoirs, wherein co-infection of a single 

host’s cells with two different viruses allows for rearrangement/exchange of entire gene 

segments27. 

 

CLINICAL PRESENTATION OF INFLUENZA INFECTION 

The clinical presentation of seasonal influenza infections can vary from asymptomatic to severe 

disease leading to death. Viral titers and clinical symptoms usually peak 2-3 days post infection; 

virus shedding returns to baseline by 6-7 days post infection (dpi), whereas clinical symptoms 
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typically subside by 8-9 dpi28. Seasonal influenza is potentially more detrimental for individuals 

below 6 years of age and above 60 years, as well as for people with other risk factors like smoking, 

genetic predisposition to interferonopathies, heart disease, chronic pulmonary disease, pregnancy, 

immune response alterations due to sex steroid treatment and obesity29–34. The most common 

symptoms associated with influenza include fever, headache, myalgia, cough, and sore throat29. 

While specific testing for influenza antigens is required to start antiviral treatment for drugs like 

amantadine (Symmetrel), rimantadine (Flumadine), zanamivir, and oseltamivir (Tamiflu). 

Treatment with amantadine and rimantadine is most effective when initiated within 48 hours of 

symptom development35.  However, in cases of severe influenza, the disease progresses rapidly to 

hospitalization, pneumonia, acute respiratory distress and death, especially in people with 

comorbidities36. 

In severe cases, it can affect the respiratory gas exchange in the lung due to obstruction of the 

airways, loss of the alveolar structure, epithelial damage due to virus mediated cytopathic effects 

or excessive inflammation leading to destruction of the lung structure or degradation of the extra 

cellular matrix37,38. 30-40% of the patients hospitalized for influenza are susceptible to bacterial 

pneumonia and that has a higher likelihood to lead to Acute Respiratory Distress Syndrome 

(ARDS)37. Hence it is not surprising that the most common viral causative agent for ARDS is 

influenza A39. While diagnosis of ARDS in its early stages is hard, detection of it early enough 

allows for treatment with high flow oxygen while preventing exacerbation of the pulmonary edema 

(fluid management), pharmacology and antiviral therapy40,41.   

Thus, we see that influenza infection, even on a seasonal basis and involving strains that are not 

classified HPAI, are able to induce severe clinical cases. This maybe in part due to co-morbidity, 

secondary infection or a multitude of factors that can cause a condition like ARDS and require 
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rigorous treatment on time to prevent death. Understanding the immune response to influenza is 

one of the ways to predict, prevent, diagnose, and treat such a disease progression.  

 

THE KINETICS OF THE IMMUNE RESPONSE TO INFLUENZA  

Influenza is a virus that primarily colonizes the upper respiratory track, before making its way 

down to the lung, wherein the epithelium is the primary target of replication. There are also other 

lung resident cells that capable of being infected like the alveolar macrophages42. These resident 

cells are equipped with the mechanisms to induce pro-inflammatory cytokines and chemokines 

that allow for recognition of the infection site and anti-viral responses that control the infection43,44. 

Dendritic cells, inflammatory monocytes and neutrophils are cells of the myeloid origin that are 

resident or recruited to the site of infection in the earlier stages of infection45,46. They try to control 

the infection further, limit the viral spread and prime the cells that are involved in ultimate stages 

of infection. Natural killer cells, T cell and B cells are prominently recruited in the later stages of 

infection and are specially equipped to clear out the virus from the lungs of the mice47,48. Along 

with clearance of virus, the lungs also initiate mechanisms that repair the damage to return the 

system to homeostasis. This includes myofibroblasts replacing the damaged epithelium, 

restructuring of the vasculature and other factors that allow for resolution of the damage49,50. While 

a well-balanced and timed immune response is critical towards resolving the infection, issues at 

any step of this process would lead to lung damage due to uncontrolled virus induced damage, 

cytokine storm leading to excessive inflammation induced damage or delayed inflammation 

control leading to issues during repair/rebuilding of the lungs (Figure 1.2). This process is 

discussed in detail in the subsequent sections in order to shed light on all aspects that contribute to 

a finely tuned and effective immune response to influenza. 
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PRIMARY INFECTION AND SENSING OF INFLUENZA  

Pulmonary epithelial cells are the primary target cell of influenza because the outer NA protein 

recognizes Salic acid (SA) residues abundant on the epithelium. Influenza viruses have two 

common cellular receptors which differ in their attachment to galactose: SA α-2,3 galactose (SAα-

2,3-Gal) and SA α-2,6 galactose (SAα-2,6-Gal)48. Human influenza viruses prefer SA α-2,6-Gal 

residues found on the upper respiratory tract of humans, whereas avian and swine influenza viruses 

prefer SA α-2,3-Gal residues are found in birds, pigs and even the lower respiratory tract of 

humans. This explains how HPAI viruses of avian or swine origin can cause human pandemics. 

Human viruses (like H1N1,H3N2) are therefore more likely to cause tracheobronchitis, whereas 

the avian viruses (like H5N1) that are able to infect the lower respiratory tract of humans instead 

cause severe pneumonia and alveolar damage51.   

Another major target for infection, apart from the varied epithelial cells, are alveolar macrophages 

(AM). AM are resident lung cells monitor the homeostasis in the lung. They are derived from yolk 

monocytes, differentiate and repopulate by self-renewal throughout the lifetime (except in cases 

of infection induced severe depletion, wherein renewal is dependent on the bone marrow derived 

monocytes)52,53. While these macrophages can become infected with influenza virus, it was 

previously believed that the virus was unable to propagate from the infection54. However, recent 

studies have demonstrated that certain IAV strains, particularly those expressing HA5, are able to 

replicate fully in macrophages55. The primary function of AM is phagocytosis. They also secrete 

cytokines like IL-6, TNF, MCP-1, RANTES, and TGF-β, however they produce less pro-

inflammatory cytokines in response to infection compared with peripheral blood-derived 

macrophages and are thought to serve a tolerogenic function56,57. In addition, they are vital for 

promoting tissue repair in response to infection-induced inflammation and express suppressors or 
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cytokine signaling proteins, SOCS1 and SOCS3, to silence transcription of inflammatory 

mediators, particularly the interferons (IFN). Other than the resident macrophage population in the 

lung that are exposed to the influenza infection there are lesser known and understood population 

of interstitial macrophages as well. They generally express MHCII or CXCR3, are more involved 

in antigen presentation, expression of IL10 and have anti-fibrotic activities58. While interstitial 

macrophages are functional in response to bacterial stimulation, so far influenza infection is not 

known to stimulate them59. 

Pathogen associated Molecular patterns are parts of the virus (or any microbial intrusion) that the 

infected host cells can recognize and then elicit an immune response against. For RNA viruses like 

influenza, the primary component to be recognized is the RNA of the virus either in its double 

stranded form; or single stranded RNA with the presence of 5′-triphosphate (5′ppp) or a 5′-

diphosphate (5′pp) group at various stages of its life cycle (Figure 1.1). On entry of the virus via 

endosome mediated endocytosis, both the double-stranded RNA viral replication intermediates (if  

present) and single-stranded viral genomic RNA are recognized within endosomes by TLR360,61 

and TLR762,63, respectively. TLR7-mediated recognition of viral RNA is believed to be most 

prominent in the plasmacytoid dendritic cells (pDC) to induce interferon production64. Negative-

stranded viruses have a short dsRNA duplex formed due to complementary ends of the viral 

genome, a structure like a panhandle. This structure serves as the viral promoter region, but is also 

most widely recognized by the Retinoic acid-inducible gene I (RIG-I) receptor65. Additionally, 

RIG-I is able to recognize the presence of 5′-triphosphate (5′ppp) or a 5′-diphosphate (5′pp) group 

of the viral genomic RNA, while it is being assembled into a progeny virion in the 

cytoplasm66.However, compared to other RIG-I-Like receptors(RLRs), RIG-I is better at 

recognizing influenza that MDA-5, even though the both recognize dsRNA, as MDA-5 requires 



 

8 

the duplex form of the dsRNA present in the pathogen to sense it67,68. The influenza NS1 also has 

evolved to prevent the activation by RIG-I through translational modifications like interfering with 

the ubiquitination69, On activation, the PRRs are able to induce interferon and pro-inflammatory 

mediator expression70. 

The activation of the inflammasome complex is another major antiviral response against influenza 

especially by sensing of the PAMPs. The NLRP3 inflammasome complex consists of a sensor 

(NLRP3), an adaptor (ASC; also known as PYCARD) and an effector (caspase 1), of which all are 

involved in the sensing of influenza. On activation of NLRP3 (NOD-, LRR- and pyrin domain-

containing protein 3) the pyrin domain interacts homotypically with the pyrin domain of the ASC 

and activates it. The ASC then interacts with the CARD domains of pro-caspase-1, then this allows 

for cleavage and activation of caspase-1. Meanwhile, the influenza infection induces the 

expression of pro-IL-1β and pro-IL-18 via activation of the NFκB pathway. These forms are then 

cleaved into mature IL-1β and IL-18 cytokines by the caspase-1. NLRP3  has not been shown to 

be directly activated by influenza viral RNA, but it is has been shown to be activated by the viral 

channel M271. More prominently, it is believed that activation of the TLR/RIG-I by influenza 

allows for caspase-1 activation, thereby allowing for further activation of IL-1β and IL-1872–74. 

Especially in epithelial cells, sensing of the IAV nucleoprotein by myxoma resistance protein 1 

(MxA) interacts with the ASC to trigger activation of the inflammasome75. Interferon-inducible 

protein Z-DNA binding protein 1 (ZBP1) senses the influenza NP and PB1 proteins and triggers 

the inflammasome, by activation of caspase 876. Even without NLRP3 involvement, activation of 

Caspase-1 in adaptive T and B cells is able to activate the inflammasome73. However activation of 

the inflammasome in the later stages of infection, along with excessive cytokine expression, leads 

to increased damage in the lungs and mortality of the mice in question77. It was also interesting to 
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note that the Influenza NS1 protein is able to restrict the expression of IFN, IL-1β and prevent 

inflammasome activation73,78. 

In this manner, both infected cellular targets (epithelial and alveolar macrophages) are able to 

express cytokines and present the virus to other immune cells for their activation. While the 

alveolar epithelial cells produce CXCL10(IP10), CCL5(RANTES), IFNβ and IL6 on infection 

with influenza virus, infection with HPAI leads to higher level of cytokine induction than other 

LPAI79,80. In studies of involving infection of human and mouse macrophages, expression 

cytokines including IFNβ/α IL-1α, IL-1β, IL-6, TNF-α, CXCL8, CCL2 (MCP-1), CCL3 (MIP-

1α), CCL4 (MIP1-β), CXCL9 and CXCL10 have been observed43,44,81–83.   

In addition to activation of the other immune cells, the communication between the epithelium and 

alveolar macrophages themselves have been under scrutiny for their contribution in mitigating the 

influenza infection. The paracrine interaction between these cells, via the IAV induced- epithelial 

T1IFNs was found to prevent edema clearance due to reduction of the Na, K-ATPase, leading to 

ARDS84. However clinical trials of cytokine treatment/blocking did not yield the expected results, 

bringing other types of extra-cellular communication via extracellular vesicles to the forefront85. 

Recent studies have shown, a type of extracellular vesicle formed by budding of the plasma 

membrane called Microvesicles (MVs), are prominent in BALF post induction of hypoxia86,87. 

These MVs are produced mostly by the epithelial cells and are able to activate the alveolar 

macrophages, to regulate further inflammatory responses leading to lung injury. Additionally 

during LPS induced lung injury, MVs containing TNF produced by alveolar macrophages could 

induce ICAM-1 and pro-inflammatory cytokine expression from epithelial cells88. Thus the role 

of MVs facilitating epithelial- alveolar macrophage interactions in other lung injury models could 

also be considered for its role in influenza induced lung damage/ARDS. 
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CYTOKINE INDUCTION  

The most predominant cytokines to be discussed in the context of a viral infection are the 

interferons (IFNs), which were so named due to their ability to ‘interfere’ with viral replication. 

There are 3 major classes of interferons, classified based on function, structural homology and 

receptor chain usage: Type I, II and III interferons89.  

Type I Interferons (T1 IFN), including a single IFNβ protein and 13 IFNα proteins, are the primary 

cytokines released post influenza infection89,90. T1 IFNs are induced by recognition of the RNA 

component of the virus by the RIG I receptors91, which leads to activation of TANK-binding kinase 

1 (TBK1). TBK1 then activates IFN-regulatory factor 3 (IRF3) or TGF-activated kinase 1 

(TAK1)  to activate NFB89,90. These transcription factors then translocate to the nucleus to induce 

the primary interferons IFNβ and IFNα4. Once secreted, they bind to the cell surface Interferon 

Alpha Receptor (IFNAR) comprised of two receptor chains, IFNAR1 and IFNAR290. Ligand 

binding results in a conformational change in the cytoplasmic tails of the receptor chains that leads 

to phosphorylation of the Janus kinase 1 and 2 (JAK1 and JAK2) proteins, that in turn 

phosphorylate and activated the signal transducers and activators of transcription 1 and 2 (STAT1 

and STAT2)89,92. STAT1 and STAT2 in complex with along with IRF9 forms the Interferon 

Stimulated Gene Factor 3 (ISGF3) complex. This complex translocates to the nucleus where it 

stimulates the expression of the transcription factor IRF7, which is required for expression of all 

other subtypes of IFNα (except IFNα4)93.  T1IFNs further induce other Interferon Stimulated 

Genes (ISGs) that collectively mediate an anti-viral response. These ISGs can mediate a variety of 

the functions. For example, IFITM3 prevents viral egress by altering endosomal pH94; MxA 

activates the NLPR3 inflammasome by sensing viral proteins75.; OasL mimics polyubiquitination 

to enhance the RIG-I recognition of viral RNA95,96. and ISG15 is involved in the prevention of 
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systemic inflammatory cytokine response97. Along with TNFα, IFNβ is able to stimulate the 

epithelial cells to secrete higher levels of CCL2, CCL5, CXCL8 and CXCL10 as well as stimulate 

the IRF and NFκB signaling pathway further81,98. Prominent among these is the T1 IFN induction 

of chemokine Monocyte Chemoattractant Protein 1 (MCP1 or CCL2) that, as its name suggests, 

is responsible for the recruitment of monocytes to the site of infection99–101.  

Interferon Lambdas or the T3 IFNs comprise four subtypes in humans, IFNλ1-4, that signal from 

a heterodimeric receptor distinct from the T1 and T2 IFNs 102. The IFNλR has two subunits:  the 

α-subunit (IL-28RA) and the β-subunit (IL-10RB)103. IFN-λs are expressed in the early stages of 

influenza infection91. Although they were discovered in 2003, it has been difficult to define unique 

functions for IFN-λ that are distinct from the T1 IFNs, as they have overlapping functions with 

largely redundant transcriptional signatures104,105. However, one key difference is that IFN-λ is not 

as inflammatory as the T1 IFNs106, potentially due to restricted cellular expression107–109. Along 

with T1 IFNs, IFNλ has been shown to be involved in viral control, especially in reducing the 

spread of virus from upper respiratory system to the lungs and transmission to a naïve host110,111. 

One of the reasons it is hard to delineate the T1IFN independent function of  IFN-λ, is believed to 

be due to the restricted IFN-λ receptor expression on the epithelial cells, neutrophils and dendritic 

cells107–109. It was recently shown the IFN-λ expression allowed for better viral control from both 

epithelium and neutrophils, moreover that IFN-λ was able to induce the antiviral response of 

neutrophils better than T1IFN during influenza infection109. It is able to promote the migration and 

function of the DCs that helps prime the T cells, thereby even allowing for heterosubtypic 

immunity development, or immunity of host to another subtype of the viral strain that infected 

them initially107.    



 

12 

Interferon gamma (or Type II Interferon) is also induced in a manner similar to that of the T1 

IFNS, but with heterodimerization of the IFNGR (Interferon Gamma Receptors) to induce the 

JAK-STAT pathway and subsequent gene expression112. IFN-γ is produced first by NK cells and 

then later by T cells during influenza infection91. Infection in the absence of IFN-γ leads to higher 

influx of neutrophils; however other responses such as induction of cytokines like IL-1β, TNF, IL-

6, chemokines like CCL2, CXCL1, CXCL10, recruitment of monocytes and T cell-mediated 

inflammation was dependent on virus strain and dose in Ifng-/ mice-99,113,114. Additionally, 

treatment with IFN- in the early stages of influenza infection protected mice from lethal infection 

by allowing for higher proliferation of NK cells, and prevented exacerbation of T cell recruitment 

into the lungs in the later stages of infection115.  Thus, all interferons have protective functions 

against influenza infection when induced in a certain balance, however they do not function solely 

by themselves and are expressed in tandem with other proinflammatory cytokines to work in a 

cohesive manner.  

IL-1β, IL-6 and TNF are other pro-inflammatory cytokines upregulated early during infection. 

Notably, IL-1β given intraperitonially reproduced the same weight loss and pathogenesis as the 

infection, itself, suggesting a prominent role for IL-1β in pathogenesis associated with influenza116. 

However, infection of IL-1R-/- mice paradoxically showed that  the absence of IL-1β 

responsiveness reduced survival in influenza-infected mice due to reduced recruitment of 

neutrophils from 3-7 dpi; with reduced CD4 T cells, CD8 T cells and IgM antibodies 7 to 10 dpi117. 

Interestingly when considering the source of cytokines like IL-1β, it was found that endothelial as 

well as epithelial cells on infection with H1N1 induced higher levels of IL-1β, IL6, TNF, IL-18 

and CCL5118.  Collectively, these data demonstrate that a balanced IL-1 response is required for 
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host protection upon influenza infection, as either too much or too little IL-1 signaling is 

detrimental. 

IL-6 is a marker for severe infection which is noted for higher levels in lung and serum during 

infection with pandemic strain H1N1119. IL-6-/- mice showed increased susceptibility, more weight 

loss, higher IFNα and TNFα expression, less monocyte recruitment to the lungs, and increased 

apoptosis of the lung epithelium on influenza infection120,121. Thus, IL-6 activity during infection 

might be allowing for reduced fibroblast accumulation, epithelial damage and macrophage 

recruitment for virus phagocytosis120. IL-6 causes weight loss via muscle destruction on infection, 

and it acts via the STAT3-Foxp3-atrogin1 pathway122. Additionally, it was also found that 

influenza induces expression of the STAT3 suppressor SOCS3, thereby repressing STAT3 and IL-

6 signaling. Moreover, infection of SOCS3-deficient mice led to attenuated lung injury, better 

survival and lower viral load, showing the critical role that the IL6-STAT3-SOCS3 axis plays in 

influenza infections123.  

 

CELLULAR RESPONSES TO VIRAL INFECTION 

Neutrophils are often the first responders at any site of infection/ inflammation. They are recruited 

from the blood stream into the tissue by a particular sequence of events involving rolling, arrest, 

adhesion strengthening, crawling through the intraluminal spaces, protrusion through the 

endothelial junctions and finally interstitial migration to the destination124. Once they reach the 

site of inflammation, they affect change by phagocytosis, degranulation, reactive oxygen species 

(ROS) and Neutrophil Extracelluar traps (NETs)125–127. Neutrophils are not necessary for 

protection against mild influenza infections. However lesser neutrophil recruitment than required 

to mitigate an infection, can have detrimental consequences leading to severe infections128. On the 
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other hand,excessive recruitment and activation of neutrophils can also cause tissue damage by 

release of cytokines, proteases and other factors from their granules129,130.  

Monocytes are the second innate responders to be recruited post an infection from the peripheral 

blood phagocyte subsets131. Functional subsets of monocytes can be differentiated based on their 

expression of Ly6C in mice. Ly6Chi monocytes are more antimicrobial in function132, express 

higher levels of CCR2133 and are recruited to the inflammatory tissues based on the CCL2 

expression along with other factors134,135. In contrast, Ly6C low monocytes are patrolling 

monocytes that provide immune surveillance to the tissues136. In infections involving Highly 

pathogenic influenza viruses or infections of juvenile mice, it has been observed that excessive 

recruitment of inflammatory monocytes is due to overproduction of the chemokine MCP-1 (CCL2) 

which is detrimental to the mice, leading to mortality101,137. Additionally, it has been shown using 

IFNAR-/- mice and in other studies, that the MCP-1 dependent recruitment of monocytes is due to 

T1 IFN signalling100,101. When considering the factors allow for monocytes to mediate 

pathology/damage, Nitric Oxide and TNF Receptor Apoptosis Inducing Ligand have been reported 

to be active in influenza and related bacterial co-infections101,138.  

Dendritic cells are cells that specialize in processing and presenting antigens to the immune cells 

that predominate the adaptive arm of the immune response, the T cells139,140. The CD103+DCs are 

able to present the antigen on MHC I receptor to the T cells in a process called as cross 

presentation141,142. They are able to prime the T cells at the mucosal sites of infection and also 

maintain a steady state stimulation of T cells in secondary lymphoid organs like spleen and 

mediastinal lymph nodes143,144 A subset of the DCs, that are a relatively smaller population are 

called Plasmacytotid DCs (pDCs). They are the major producers of IFNα, found mainly in blood 

and secondary lymphoid tissues, but are recruited to the sites of infection within hours of 
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infection92. Myeloid DCs are susceptible to infection but pDCs are not. However infection reduces 

the ability of DCs to cross present to T cells145.  PDCs are not as efficient at antigen presentation 

unlike the conventional dendritic cells for T cells, however they are better at  priming B 

cells142,146,147.  

Natural Killer cells are mediators of innate immunity that have natural cytotoxicity, produce 

cytokines and prime the T cell response148 as their primary functions. Their recruitment is 

dependent on the expression of the ligands for CXCR3 and CCR5 in the lung, along with viral 

dose149. Moreover the NK cell cytotoxicity and IFN-γ production directly correlates with the 

cytotoxicity of T lymphocytes148. NK cell receptor NKp46 can recognize healthy cells by their 

expression of the MHC I marker150. Therefore, when influenza downregulates the host cell MHC-

I expression toevade the CD8T cell mediated killing151, this makes the infected cells more 

susceptible to recognition by NK cells. To mitigate this, Influenza tries to overexpress MHC I on 

epithelial cells152, however NKp46 is also able to recognize the HA virus protein on an infected 

cell, which then activates the NK cell cytotoxicity and also induces cytokine production153,154. 

B cells are the primary antibody producers in the body. In the initial stages of infection, follicular 

B cells from the mediastinal lymph nodes are activated in an interferon dependent manner to 

produce antibodies against influenza155. At this stage the antibody secreted is mostly IgM or 

membrane bound. After this, the further development of antigen specific B cells can be via CD4T 

cell help in germinal centers of secondary lymphoid organs, or without CD4T cell help into 

extrafollicular plasmablasts156. However the extrafollicular plasmablasts are likely to last only 3-

5 days and more prominent in the innate response157,158. On the other hand the geminal center B 

cells are more likely to last longer with high affinity antibodies and develop into circulating 

memory B cells159. The quality of the antibodies is much better when they come from the germinal 
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center B cells because they have undergone somatic hypermutation. They are functionally more 

tailored to the virus infection because of the isotype switching that also occurs in the T-dependent 

responses160. Of the types of antibodies generated the major antigens focused are against HA, NA 

and integral proteins like M2 that are exposed on the external surface of the virus. The HA 

neutralizing antibodies generated naturally are focused on the head region that is the most exposed 

and most variable (due to antigenic drift)161,162, than stalk region that evolves much more slowly 

(due to inaccessibility)163; thus current vaccine efforts are trying to focus on generating more 

antibodies focusing the stalk as it more conserved across subtypes and slower to mutate163,164. 

Meanwhile, the antibodies to NA are protective as they prevent virus egress but produced in lower 

amounts than those against HA165; M2 antibodies, while attractive target due to the conservation 

of epitopes, are also not abundant potentially due to low level of protein expression166–168 and the 

magnitude/effectivity of antibodies against internal proteins are still an ongoing examination 169–

171.  

T cells are critical for influenza control because of their ability to enhance humoral immunity and 

to destroy infected cells172. Of the alpha beta T cells are of two major subsets namely CD4 and 

CD8T cells. Antigen specific CD8 T cells recognize infected cells by the MHC-1 antigen 

presentation on their surface173–175, lyse infected cells by releasing their granular content 

(perforin/granzyme)176, and also express TNFα, FASL, TRAIL to induce death in the recipient 

infected cell177–179  There are various subsets of CD4 T cells based on their primary cytokine 

response in retaliation to an infection based on the pathogen type. TH1 CD4 T cells are 

predominantly producers of pro-inflammatory cytokines like IFN-γ, IL-12 that are involved in the 

influenza response180,181. These cells are also responsible for helping the B cells develop antibodies 

in response. Influenza specific CD4 T cells and CD8 T cells that are long lived in the system as 
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memory cells also require IL-6 for their recall. IL-6 is helpful here as it is able to suppress the virus 

specific Treg cells182(another CD4T cell subset, that is more anti-inflammatory in nature) that 

would otherwise hamper the function of the memory CD8T (Th1) cells. Additionally IL6 is also 

required for the development of heterosubtypic immunity of CD8 T cells, wherein the cells are 

able to protect against a different subsequent viral subtype infection121.   

Furthermore, after successfully recovering from one viral infection, the T and B cells recall the 

insult and such memory cells are present as a small population in circulation (and tissue site) to 

expand once the same or similar virus infects again42.  

 

LUNG REPAIR POST VIRAL CLEARANCE 

After the damage of the influenza infection, the membranes sustain heavy damage and require fast 

repair of the epithelium-capillary interface to allow for reestablishment of the gaseous exchange 

interface in the lung. The process of repair involves spreading of the neighboring epithelial cells 

to cover the destructed area and then migration, proliferation and transformation of the progenitor 

cells to replace the lost epithelium183–185. Post infection the tissue repair is assisted by IL1β and 

TNFα support the proliferation of the remaining Type II epithelial cells that can then contribute to 

the alveolar regeneration186. TGFβ is another growth factor secreted by epithelial cells, 

macrophages and fibroblasts during the repair phase post the infection induced damage is resolved. 

TGFβ is associated with lung injury and ARDS development (with higher expression in the BALF 

of ARDS patients)187,188 through the formation of edema and over-activation of the procollagen-

1120. Other cytokines with a decisive role in the repair are IL22 and IL33. Il22 is required for 

prevention from secondary bacterial infection and activation of the anti-apoptotic proteins in the 

pulmonary epithelium189–191. IL-33 expression by the epithelium, alveolar macrophages or innate 
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lymphoid cells allows for a tightly regulated pro-fibrotic phase that rebuilds the matrix of the 

epithelium-endothelium via induction of factors like amphiregulin192–194. Other such growth 

factors secreted by the macrophages, innate lymphoid cells and fibroblasts are also upregulated in 

the process of tissue repair, thereby inducing fibrosis and higher deposition of the extracellular 

matrix to repair the lung194–197. Interestingly, it was recently found that expression of certain 

interferons like IFN-λ during the late stages of influenza infection prevented epithelium repair by 

activation of apoptosis inducing p53 that then prevented epithelial cell proliferation for repair198.  

 

IMMUNOMODULATION BY TUMOR PROGRESSION LOCUS 2 

Tumor Progression Locus 2 (Tpl2) is a serine-threonine kinase that of the MAP kinase family, 

also known as MAP3K8 and Cancer Osaka Thyroid (Cot)199. TPL2 is expressed in multiple 

organs like the spleen, thymus, lung, endometrium, liver, intestine; as outlined with various 

disease models of cancer or inflammation 200–203. The TPL2 protein is expressed at steady state in 

two forms, both containing the kinase domain204. The truncated Tpl2 protein is proteosomally 

degraded from the full length protein at (aa 435-457) and at steady state the truncated form is 

expressed at 2.6 folds higher with 3.8 fold higher kinase activity than the full length protein205.  

The stimulation of the various receptors, including TLRs206,207,  TNF Family Receptors208,209, 

Interleukin 1 Receptor210 and some G protein-coupled receptors (GPCR)211, leads to Tpl2 

activation downstream of the IKK complex (Figure 1.3). The IKK complex is made up of the 

IKKα, IKKβ, and IKKγ212. Prior to activation, Tpl2 is in a complex with NFκB inhibitory protein-

1 (NFκB-1) p105 and ABIN-2 (A20-binding inhibitor of NF-κB 2). As Tpl2 is complexed with 

the p105 at a C terminal conserved helical domain (residues 497-539), it is believed to stabilize 

the protein from truncation as well213. When the IKK is activated, the p105 is phosphorylated, it 
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triggers the ubiquitination and thereby causes the proteasomal degradation, leading to the release 

of Tpl2214. This leads to Tpl2 phosphorylation at multiple sites, of which the following are the 

most well characterized: T290 phosphorylation leads to disassociation from P105199,215,216, S400 

is an auto/trans phosphorylation site for response to LPS217–219 and phosphorylation at S62 is more 

important for IL-1β stimulation rather than LPS210.  It is now able to phosphorylate and activate 

MEK, leading to downstream activation of MEK, ERK, p38206–209,220,221.   

Tpl2 being the intermediary between the receptor stimulation to induce/activate downstream 

signaling of NFκB, IRF, ERK, JNKs and p38207,213,221, raised the question of how it would really 

function in physiological conditions, until the first study involving Tpl2-/- mice showed that the 

ablation did not affect the size, lifespan and immune cell development206. Further studies have 

shown how this is due to the Tpl2 regulation of cytokine signaling being stimulus and cell specific, 

whichwill be discussed in detail further.   

The impact of Tpl2 deficiency has been examined for the type of PRR activation involving RIG-

I, TLR7/8 in Tpl2-/- macrophages222,223 and pDCs222 as well as LPS activation in Tpl2-/- 

neutrophils224 and BMDMs225–227. In cellular stimulations such as the ones referenced above, the 

absence of Tpl2 leads to decreased production of pro-inflammatory mediators such as 

TNF194,208,220,227, IL-1β117,227, IL-10228 and CCL2225  increased production of IL-12p70225,226, and 

cell type-specific effects on type I IFNs222,225,229. Specifically, Tpl2-/- macrophages and dendritic 

cells over-produce type I IFNs compared to WT cells, whereas Tpl2-/- pDCs have abrogated type 

I IFN production222,225,229.  

While immune cells develop in the Tpl2-/- mice, there are functional differences in cytokine 

expression as we see above for various stimulations. Additionally depending on the 

inflammation/cancer model that the cellular function is being examined, other functions also differ 
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from model to cell type being considered. In a model of zymosan treatment, Tpl2-/- mice showed 

lesser neutrophil recruitment and reduction in myeloperoxidase activity230; meanwhile Tpl2-/- 

neutrophils show reduced reactive oxygen species production when stimulated with various TLR 

ligands226. Additionally in a model of thioglycolate induced sterile stimulation,  Tpl2-/- 

macrophages showed defective trafficking to the peritoneal cavity225, and in a model of High Fat 

Diet induced obesity there were lesser macrophages recruited to the adipose tissue in the absence 

of Tpl2 signaling231. However in a model of tuberculosis infection, higher bacterial colony forming 

units (cfu) load and IFN expression was seen in Tpl2-/- mice, which was reverted to WT levels 

using  IFNAR-/-/Tpl2-/- mice; thereby suggesting that Tpl2 is responsible for controlling the 

inflammation via suppression of the T1 IFNs228. In a T cell lymphoma model, the lack of Tpl2 

allowed for enhancement of T cell receptor signals and higher T cell proliferation by blocking a 

CTLA4 feedback loop221.  On the other hand, in Toxoplama gondii infection model, the T cells 

lacking Tpl2 had impaired IFN-γ production232 and we observed lower antigen specific T cells in 

influenza infection model222. In a Citrobacter rodentium infection model, T cells produced higher 

IFN-γ and IL-17 on infection in a mixed bone marrow chimera, but at the same time showed 

reduced monocyte and neutrophil recruitment233. Overall, these data suggest that there is not a 

consensus on how a cell type would react in the absence of Tpl2 and it depends on a variety of 

factors involved.  

It is easier to identify the differential immune activation and explain the excessive disease burden 

involved in infections with pandemic strains/HPAI strains compared to milder seasonal influenza 

infection strains. Annually, in just the USA, seasonal influenza infections result in around 400,000 

cases of hospitalizations234. Several factors can predispose an individual (even from moderately 

pathogenic strains of) seasonal influenza to severe disease such as age, smoking,  heart disease, 
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obesity, chronic pulmonary disease, pregnancy, genetic predisposition to interferonopathies and 

immune response alterations due to sex steroid treatment29–34. Furthermore the damage resulting 

from the influenza infection can also predispose the person to bacterial co-infection, especially 

post long-term mechanical ventilation or in patients older than 65 years of age235–237. Therefore, 

while highly pathogenic influenza infections have their own signature immune/clinical profile, 

seasonal infections do not have such identifiers of severe disease and moreover can have multitude 

of factors that also facilitate this progression. With the difficulty in identifying the underlying 

immune and pathological responses that can make a seasonal influenza infection progress to 

hospitalization or even death, the immune system functionality needs to be examined in depth to 

predict/diagnose a deteriorating condition and treat it better. Herein lies the significance of 

examining the role of the immune response to such a moderate strain of influenza such as the x31, 

as it recapitulates a model of seasonal influenza.  

The immune response is initiated by the sensing of the influenza infection and subsequent 

activation of the PRRs. Upon the activation of PRRs, MAP kinases like Tpl2 regulate antiviral 

responses by induction of the pro-inflammatory cytokines. Hence, the previous study examined 

the effect of Tpl2 ablation on the induction of the primary antiviral cytokines namely the IFNs. 

Both IFN-λ and IFN-α are early response cytokines that initiate a cascade of signaling and cellular 

recruitment to limit the spread of influenza111,238. While we did not see differences in the levels of 

the various T1 IFNs examined, the transcriptional levels of ISGs such as Ifitm3, Oasl2 and Isg15 

were downregulated in the lungs of Tpl2-/- mice at 1dpi222. IFN-λ was also downregulated in the 

lungs at 1dpi and the BALF at 3dpi for the Tpl2-/- mice. Moreover the Tpl2-/- pDCS (early cytokine 

responders) also showed downregulated levels of IFN-λ on in-vitro infection, along with reduced 

expression of T1 IFNs and IFN-λ on in-vitro stimulation with the TLR7 ligand R848222. Therefore 



 

22 

establishing that the ablation of Tpl2 results in dampening of the early T1 IFN and IFN-λ responses 

in the influenza infected mice. Clinically the Tpl2-/- mice showed higher weight loss from 7i to 

9dpi and all mice succumbing to the infection approximately by 10dpi222. The early 

downregulation of the IFN response could not explain the late stage differential weight loss and 

why the mice succumbed to infection only by 9dpi. 

Moreover, despite significantly increased viral titers in the Tpl2-/- mice throughout the course of 

infection, the titers consistently reduce over the course of the infection and appear unable to explain 

the mortality seen at 9 dpi. The phenotype of morbidity and mortality, however, was similar to 

mice succumbing to infection with a lethal influenza strain239, obesity240, juvenile age137 or those 

with a dysregulated immune response137,241,242. We know that Tpl2 is a major regulator in the 

balance between beneficial and pathologic immune cell activity via the regulation of various 

cytokines and chemokines. Thus our hypothesis was that, it could be a long term effect or a 

specific, timed functionality of the Tpl2 ablation post infection with influenza,that progresses to a 

dysregulated immune response  

 

Hence chapter 2 will focus on the role of Tpl2 in regulating the immune response during influenza 

by initially examining the contribution of virus versus cytokines to the morbidity in the Tpl2-/- mice 

at later time points of the infection, corresponding to the clinical symptoms. We will also explore  

the cytokine expression and concomitant cellular recruitment to classify the immune response in 

depth. Similar to tuberculosis, influenza is a pathogen that elicits a strong interferon response, so 

chapter 3 will focus on the regulation of IFNs by Tpl2 for the contribution to the morbidity (seen 

in the Tpl2-/- mice) and by examination of the gene expression, cytokine secretion and cellular 

recruitment profile. Finally, in chapter 4 we will examine the influenza infected Tpl2-/- mice 
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histopathologically to access how Tpl2 ablation clinically leads to pulmonary damage and 

mortality.  
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Figure 1.1: Summary of Influenza Virus infection and Immune sensing checkpoints 

On influenza virus infection, HA interacts with the Salic acid on the host cell and enters via 

receptor mediated endocytosis. The acidic environment of the endosome induces dissociation of 

the nucleocapsid, which then translocates to the nucleus the host’s nucleus. First, the mRNA 

(+strand) is made from the viral RNA template to transcribe more viral proteins. Meanwhile during 

viral replication, further viral RNA templates are synthesized complementary to the mRNA strand, 

to generate the genetic material for progeny viruses. Nuclear export signals are utilized to facilitate 

translocation from the nucleus into the cytoplasm for packaging, assembly and the progeny virions 

bud the surface of the host cell, within a portion of the lipid bilayer. Herein the viral ssRNA sensing 
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by the TLRs occur inside the endosome, while the RNA with the 5’ppp hang is sensed at the end 

stages by the cytoplasmic RIG-I. Inflammasome mediated viral particle sensing is also done in the 

later stages of the viral assembly with the components in the cytoplasm.  
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Figure 1.2: Kinetics of Influenza infection  

Influenza virus primarily infect the pulmonary epithelium and other resident cells like alveolar 

macrophages. They induce pro-inflammatory cytokines and chemokines that allow for recognition 

of the infection site. Dendritic cells, inflammatory monocytes and neutrophils are cells of the 

myeloid origin that are resident or recruited to the site of infection in the earlier stages of infection, 

generally referred to as the innate immune response. They try to control the infection further, limit 

the viral spread and prime the cells that are involved in ultimate stages of infection. Natural killer 

cells, T cell and B cells are prominently recruited in the later stages of infection and are specially 

equipped to clear out the virus from the lungs of the mice, as part of the adaptive response phase. 

While a well-balanced and timed immune response is critical towards resolving the infection, 
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issues at any step of this process would lead to lung damage due to uncontrolled virus induced 

damage, cytokine storm leading to excessive inflammation induced damage or delayed 

inflammation control leading to issues during repair/rebuilding of the lungs. Thus it is important 

to understand what contributes towards a finely tuned and effective immune response to influenza. 
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Figure 1.3: TLR, IL-1βR simulation leading to Tpl2 activation and signaling  

 

The stimulation of the various receptors, including TLRs and Interleukin 1 Receptor, leads to Tpl2 

activation downstream of the IKK complex. The IKK complex is made up of the IKKα, IKKβ, and 

IKKγ. Prior to activation, Tpl2 is in a complex with NFκB inhibitory protein-1 (NFκB-1) p105 

and ABIN-2 (A20-binding inhibitor of NF-κB 2). When the IKK is activated, the p105 is 

phosphorylated, it triggers the ubiquitination and thereby causes the proteasomal degradation, 

leading to the release of Tpl2. This leads to Tpl2 phosphorylation at multiple sites, and is now able 

to phosphorylate and activate MEK, leading to downstream activation of ERK, that then has a cell 
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and stimulus specific activation of various cytokines. In this representative macrophage cell, Tpl2 

activation upregulates IL1-β, TNF, while downregulating IFN responses.  
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CHAPTER 2 

TPL2 ABLATION LEADS TO HYPERCYTOKINEMIA AND EXCESSIVE CELLULAR 

INFILTRATION TO THE LUNGS DURING LATE STAGES OF INFLUENZA 

INFECTION. 
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ABSTRACT 

Tumor progression locus 2 (Tpl2) is a serine-threonine kinase known to promote inflammation in 

response to various pathogen-associated molecular patterns (PAMPs), inflammatory cytokines and 

G-protein-coupled receptors and consequently aids in host resistance to pathogens. We have 

recently shown that Tpl2-/- mice succumb to infection with a low-pathogenicity strain of influenza 

(x31, H3N2) by an unknown mechanism. In this study, we sought to characterize the cytokine and 

immune cell profile of influenza-infected Tpl2-/- mice to gain insight into its host protective effects. 

Although Tpl2-/- mice display modestly impaired viral control, no virus was observed in the lungs 

of Tpl2-/- mice on the day of peak morbidity and mortality suggesting that morbidity is not due to 

virus cytopathic effects but rather to an overactive antiviral immune response. Indeed, increased 

levels of interferon-β (IFN-β), the IFN-inducible monocyte chemoattractant protein-1 (MCP-1, 

CCL2), Macrophage inflammatory protein 1 alpha (MIP-1α; CCL3), MIP-1β (CCL4), RANTES 

(CCL5), IP-10 (CXCL10) and Interferon- (IFN-) was observed in the lungs of influenza-infected 

Tpl2-/- mice at 7 days post infection (dpi). Elevated cytokine and chemokines were accompanied 

by increased infiltration of the lungs with inflammatory monocytes and neutrophils. Additionally, 

we noted that increased IFN- correlated with increased CCL2, CXCL1 and nitric oxide synthase 

(NOS2) expression in the lungs, which has been associated with severe influenza infections. Bone 

marrow chimeras with Tpl2 ablation localized to radio-resistant cells confirmed that Tpl2 

functions, at least in part, within radio-resistant cells to limit pro-inflammatory response to viral 

infection. Collectively, this study suggests that Tpl2 tempers inflammation during influenza 

infection by constraining the production of interferons and chemokines which are known to 

promote the recruitment of detrimental inflammatory monocytes and neutrophils.  
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INTRODUCTION 

Seasonal influenza A virus (IAV) infections account for approximately $11.2 billion in total 

economic burden to the healthcare system243, 500,000 hospitalizations and 40,000 deaths per 

yearc. While vaccination does prevent severe disease, the efficacy of each seasonal vaccine is 

variable. Factors such as the inaccurate prediction of the seasonal strains, poor immunogenicity of 

the vaccination, vaccine production issues and public vaccination non-compliance all contribute 

to suboptimal influenza vaccine efficacy each season244. Treatment options for influenza are 

adamantane drugs that inhibit the M2 inner protein and inhibitors that target the neuraminidase 

surface protein245. However, with the high rate of viral mutation, rapid development of resistance 

to these antivirals has been observed, with approximately 45% of IAV strains worldwide already 

resistant to adamantanes as of 2013246 and growing resistance against neuraminidase inhibitors247. 

Despite these available interventions, influenza infections still account for 3.4% of critical illness 

hospitalizations, even during moderate seasons248.  

 

Many factors contribute to influenza-associated hospitalizations and deaths, such as underlying 

medical problems, secondary bacterial pneumonia and congestive heart failure. A common feature 

of severe disease progression in many patients with such comorbidities is hypercytokinemia, the 

over-production of soluble host-derived pro-inflammatory mediators initially intended to restrict 

local virus spread but whose dysregulation leads to systemic inflammation and potentially life-

threatening complications249.  Hypercytokinemia is more prevalent in cases of avian influenza or 

lethal pandemics250,251 compared to season influenza, correlating the higher cytokine levels with 

severe disease progression252–254. 
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Cytokines are secreted in response to influenza infection of target cells that possess cellular sensors 

for viral components. For example, RIG-I-like receptors (RLRs) and Toll-like receptors (TLRs) 

recognize viral genomic RNA and initiate a signaling cascade, via NF-κB, MAPKs and interferon 

regulatory factors (IRFs) that leads to the production of pro-inflammatory cytokines and 

interferons (IFNs). These, in turn, induce an anti-viral response in neighboring cells to limit viral 

spread. Complex signaling networks further lead to cytokine release by neighboring cells255. 

Proinflammatory cytokines and chemokines direct the rapid recruitment of innate immune cells, 

comprising neutrophils, natural killer (NK) cells, and inflammatory monocytes256 which home to 

the site of infection. CXCL1 promotes neutrophil recruitment, whereas CCL2 recruits 

inflammatory monocytes257,258. Neutrophils and inflammatory monocytes are responsible for early 

viral control, but their dysregulation can also inadvertently damage host tissues and cause severe 

immunopathology systemically.  

 

In cases of severe influenza disease, as with highly pathogenic avian influenza (HPAI), 

hypercytokinemia promotes excessive recruitment of neutrophils and inflammatory monocytes 

through overproduction of IFNs, IL-6, IL-1β, CCL2, CCL3, TNF, and IP-10251,253,254,259. These 

cells have been shown to contribute to pathology through the expression of effector molecules that 

promote viral clearance but also contribute of host immunopathology, including inducible nitric 

oxide synthase (iNOS), myeloperoxidase (MPO) and TNF- Related Apoptosis Inducing Ligand 

(TRAIL). Because of potentially deadly consequences of hypercytokinemia during influenza and 

other viral infections, it is critical that we gain a better understanding of its regulation including 

factors that shift the balance from a beneficial towards a pathological response and vice versa. 
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These molecules represent potential therapeutic targets for patients with known comorbidities or 

those who otherwise develop severe influenza disease. 

 

Tumor progression locus 2 (Tpl2, also known as COT or MAP3K8) has been shown to regulate 

the immune response to a variety of intracellular pathogens including T. gondii, L. monocytogenes, 

M. tuberculosis, and influenza virus222,228,229,232. Tpl2 is a serine-threonine kinase that is expressed 

in various cell types with functions that differ depending on cell type and stimulus222,260,261. Tpl2 

is most widely recognized for its role in the mitogen-activated protein kinase (MAPK) pathway. 

For example, Tpl2 transmits signals downstream of TLRs and RLRs via activation of MEK1/2, 

ERK1/2, and p38262–264. Tpl2 exists in an inactive complex with p105 and ABIN2.265 Upon 

activation by IKK phosphorylation, p105 is proteolyzed to p50 dimers, releasing Tpl2 and enabling 

it to initiate downstream signaling of the ERK pathway218,260,266. Consequently, Tpl2 promotes the 

expression of pro-inflammatory cytokines such as IL-6267, TNF260,206 and IL-1β268 and constrains 

the expression of IL-12232 and type I IFNs228,229,269. Notably, these Tpl2-regulated cytokines have 

been implicated in severe influenza disease. We previously demonstrated that Tpl2-/- mice show 

more severe disease in response to low pathogenicity influenza infection and succumb to infection 

by 10 days post infection (dpi)222. In this study, we sought to characterize the cytokine and immune 

cell profile of influenza-infected Tpl2-/- mice to gain insight into its host protective effects.  

 

Despite modestly increased viral titers in the Tpl2-/- mice throughout the course of infection, the 

titers consistently decreased over time to undetectable levels by 9 dpi, confirming that impaired 

viral clearance failed to explain the observed mortality in Tpl2-/- mice. Instead, we demonstrate 

that Tpl2 ablation disrupts the balance between beneficial and pathologic immune cell activity, 
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leading to excessive accumulation of inflammatory monocytes, neutrophils, and NOS2 production 

in Tpl2-/- mice by 7 dpi. This imbalance is attributed to an excessive type I IFN signature observed 

in the lung tissue of Tpl2-/- mice late in the course of infection. Tpl2 deficiency partly recapitulates 

the severe immunopathology observed in human HPAI infections, including excessive monocyte 

and neutrophil recruitment. Therefore, understanding how Tpl2 regulates the IFN-β and 

downstream late-stage responses to influenza may lead to better interventions for viral-induced 

lung immunopathology. 

 

MATERIALS AND METHODS  

Mice and Viruses 

Wild type (WT) C57BL/6 mice were purchased from the Jackson Laboratory. Tpl2-/- mice 

backcrossed 10 generations onto the C57BL/6 strain were kindly provided by Dr. Philip Tsichlis 

(32). Animals were housed in micro-isolator cages in the Coverdell Rodent Vivarium, UGA. Both 

male and female mice were used in experiments to evaluate sex as a biological variable. 

Embryonated, specific pathogen-free chicken eggs were purchased from Poultry Diagnostics and 

Research Center, UGA. Influenza virus A/HKx31 (H3N2; hereafter x31) stocks were propagated 

in the allantoic cavity of 9- to 11-day-old, embryonated, specific pathogen-free (SPF) chicken 

eggs at 37°C for 72 hours, and viral titers were enumerated by plaque assays. Madin Darby Canine 

Kidney (MDCK) cells were cultured and plated on a 12-well plate at a concentration of 5x105 cells/ 

well. After 24 hours the well is generally confluent, and 100 ml of serially diluted sample was added 

to the well, along with 200 ml of the Infection Media (Minimal Essential Media containing 1 

µg/ml TPCK treated typsin and lacking serum). The sample was allowed to incubate with the cells 
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for an hour at 37°C to promote infection of the monolayer, followed by the addition of  2.4% Avicel 

in Overlay Media (Infection Media with 40 mM HEPES, 4 mM L-gutamine, 200 U/ml penicillin, 

200 U/ml streptomycin and 0.15% Sodium Bicarbonate) to facilitate localized viral infection and 

plaque formation. After 72 hours, wells were washed with PBS, cells were fixed with 60% 

acetone: 40% methanol, and plaques were stained with crystal violet (made by mixing one volume 

of 0.0012 w/v of crystal violet powder in 5% Methanol, 11.1% Formaldehyde, 60% H2O with one 

volume of PBS) for visualization and enumeration. 

Influenza Infection of Mice 

Age-matched, 6- to 8-week-old, WT and Tpl2-/- mice were anesthetized with approximately 250 

mg/kg of 2% weight/volume Avertin (2,2,2- Tribromoethanol, Sigma) followed by intranasal 

instillation of 50 µl PBS containing 104 pfu of influenza A/HKX31 (H3N2, hereafter referred to as 

x31). The mice were studied for their susceptibility to infection by measuring daily weight loss and 

clinical scores according to the following index: piloerection, 1 point; hunched posture, 2 points; 

rapid breathing, 3 points. Mice with a cumulative score of 5 or that had lost 30% of their initial 

weight were humanely euthanized. 

Tissue Collection 

Mice were sacrificed at 7 to 9 dpi. Blood was collected from the heart by cardiac puncture into 

serum collection tubes, centrifuged at 9000 x g for 5 min, and the sera were stored at 

-80°C until cytokine analysis. Bronchoalveolar lavage fluid (BALF) was obtained from the 

lungs prior to harvest using 

1 ml of PBS instilled twice into the lungs. The BALF was centrifuged at 500 x g for 5 min, and 

the cell-free BALF was stored at -80°C until cytokine analysis; the cellular pellet was lysed in TRK 

lysis buffer (E.Z.N.A Omega Bio-Tek, Inc. Norcross, GA, USA) for quantitation of gene 
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expression. The lungs were perfused with 10 ml of PBS injected directly into the right ventricle of 

the heart. Lungs were harvested into 1 ml of PBS and homogenized in a bead mill homogenizer 

(Qiagen Tissue Lyser II) at 25 hz for 2-4 min. The homogenate was centrifuged at 500 x g for 5 min, 

and the pre-cleared homogenate was either: (1) directly aliquoted for viral titer assessment, (2) 

lysed in TRK tissue lysis buffer for RNA extraction, or (3) centrifuged at 5000 x g for 5 min to 

clarify the homogenate for cytokine analysis by ELISA. For mice sacrificed at 9 dpi, whole lungs 

were processed without perfusion or BALF harvesting. 

Cytokine Analysis 

Cytokine quantitation in the blood, BALF, and clarified lung homogenates was performed using 

the Mouse Inflammation Cytometric Bead Array (CBA) (IL-6, IFN-γ, MCP-1, TNF, IL- 10 and 

IL-12p70, Becton Dickenson), Mouse ProcartaPlex 9-plex (RANTES, IP-10, MIP-1α, MIP-1β, 

IL-1α, IL-1β, IL-28, G- CSF, Invitrogen), Standard murine ABTS ELISA Development kit 

(CXCL1 & IFN-γ, Peprotech) and Lumikine express kits (IFN-b, Invivogen). 

Cellular Analysis 

At 4 and 7 dpi, the following protocol was used to assess the BALF and lung cellular composition 

after the BALF harvesting and lung perfusion as noted above. The lungs were harvested into 

Hyclone RPMI media (15-040-CV, Corning, Manassas, VA) containing 10% FBS and 2 mM L-

glutamine (Invitrogen, Grand Island, NY). Lungs were minced with razor blades, and incubated in 

EDTA solution [RPMI 1640 containing 0.01 M HEPES (Lonza, Walkersville, MD), 

1.25 mM EDTA (Fisher Bioreagents, Fair Lawn, NJ),] for 1 hour at 37°C in an incubator shaking at 

250 RPM. The tissue was centrifuged at 350 x g for 10 min and then digested with 10 mL of 

collagenase solution [RPMI 1640 containing 1 mM CaCl2, 0.01 M HEPES (Lonza, Walkersville, 

MD), 2 mM L-glutamine (Invitrogen, Grand Island), 100 U/ml penicillin, 100 U/ml streptomycin, 
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5% FBS, 0.2 µg/mL Gentamicin, and 150 U/ml collagenase (Sigma- Aldrich C2139)] for 30 min 

at 37°C in an incubator shaking at 350 RPM. The digested tissue was passed through a 70 µm cell 

strainer, and the cell suspension was centrifuged at 350 x g for 10 min, resuspended in 44% Percoll, 

and layered on top of 67% Percoll. The gradients were spun at 900 x g for 20 min (without brake), 

and the enriched leukocytes were recovered from the interface. The cells were washed with PBS at 

350 x g for 10 min and enumerated using an automated cell counter (Cell Countess, Life 

Technologies). 

Cells were stained at 4°C for 20 min with fluorescently-labeled antibodies against the following 

cell surface markers in the presence of Fc blocker (eBioscience, San Diego, CA location): Siglec 

F, CD11b, CD11c, Ly6C, Ly6G, CD45.2 (Stain 1); TCR αβ, TCR γδ, CD4, CD8, DX5, CD45.2 

(Stain 2). The cells were fixed with 1% formalin and analyzed on the LSR II flow cytometer (BD 

Biosciences). CD45.2-gated hematopoietic-derived leukocyte populations were characterized as 

follows: inflammatory monocytes (Siglec F-, CD11bhigh, CD11clow, Ly6C+), neutrophils (Siglec 

F-, CD11bhigh, CD11clow, Ly6G+), alveolar macrophages (Siglec Fhigh, CD11bint), eosinophils 

(Siglec Fhigh, CD11bhigh), NK cells (αβ TCR-, DX5+), CD4 T cells (αβ TCR+, CD4+), CD8 T cells 

(αβ TCR+, CD8+), and γδ T cells (αβ TCR-, γδ TCR+). The gating strategy is shown in 

Supplementary Figure 2.10. 

Analysis of Gene Expression 

Messenger RNA was extracted from lung homogenates using the E.Z.N.A. Total RNA kit (Omega 

Bio-Tek, Inc. Norcross, GA, USA) and converted into cDNA using a High Capacity RNA-to-cDNA kit 

(Thermo Fisher, Waltham, MA) according to the manufacturer’s protocol. Relative expression of 

various genes was assessed using Sensifast Probe Hi-ROXkit(BIO-82020 Bioline, Taunton, MA) and 

probes sourced from Applied Biosystems (Beverly, MA) using a StepOne Plus instrument 
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(Applied Biosystems, Beverly, MA). Results are expressed relative to the actin internal control and 

the WT or untreated sample using the DDCT method. The probes used are as follows: 

IFNβ1(Mm00439552), IFNα1(Mm03030145), IFNα4(Mm00833969), IFN-γ (Mm0116813), IL-

6(Mm00446190), IL 1 β(Mm00434228),  CCL2(Mm00441242),  CXCL1 (Mm04207460), 

CCL5(Mm01302427), TNFSF10(Mm01283606), NOS2(Mm00440502),  

MPO(Mm01298424), STAT1 (Mm00439518), SOCS1(Mm01342740), IL-

10(Mm01288386), SOCS3 ( Mm01249143),  S OCS 4 (Mm00439518)  and 

STAT4(Mm00448890). 

Chimera Experiments 

WT and Tpl2-/- mice were irradiated at 1100 Rads after reaching adulthood (> 6 weeks of age) and 

then injected with bone marrow from C57BL/6 mice at 3 x 106 cells in 200 µl PBS. The mice were then 

maintained on acidified water (pH 2.5) for 2 months to allow for reconstitution of the hematopoietic 

compartment with WT cells. The resulting chimeras were infected with 104 pfu x31 virus, and body 

weights were measured over a period of 8 to 10 days, at which times the mice were euthanized to 

assess the cytokine profiles on days with varying pathologies. 

 Statistical Analysis 

P values were calculated with GraphPad PRISM software version 9.2.0(332) using (one-way 

ANOVA with Tukey’s multiple comparisons test. Differences were considered statistically 

significant if p ≤ 0.05. Data represent means ± SEM. Survival data are graphed as Kaplan-Meier 

plots using GraphPad PRISM software, and p values were determined by Mantel-Cox test. 

Gaussian Correlation was performed to calculate the coefficient based on Pearson’s Correlation 

test with a two-tailed test. Simple Linear Regression analysis was also performed to analyze the 

best fit value or the slope and intercept to see if the two variables being compared for a particular 
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genotype correlated or not (as seen by the straight dashed line). Additionally, the confidence 

interval was set at 95% (as seen by the curved dashed line). 

 

RESULTS 

Tpl2-/- mice succumb to influenza approximately 9 days post infection  

We have previously observed that Tpl2-/- mice are more susceptible than WT mice to influenza A 

virus infection using a low pathogenicity strain (x31; H3N2)222. We reasoned that increased 

morbidity in the Tpl2-/- mice was likely due to impaired or delayed viral clearance or to an 

excessive anti-viral immune response. To distinguish between these possibilities, we infected wild 

type and Tpl2-/- mice with x31 and monitored viral titers and inflammatory cytokine production as 

functions of morbidity and mortality late during the disease course. WT mice showed signs of 

disease from 1 to 7 dpi, at which time they began to recover as evidenced by weight gain and 

decreasing clinical scores (Figure 2.1 A-C). In contrast, Tpl2-/- mice displayed progressive weight 

loss and increasing clinical symptoms from 7 to 9 dpi (Figure 2.1A-C). Notably, the weight loss 

and clinical symptoms were not different between male and female mice after 7 dpi with influenza 

(Supplementary Figure 2.8 A-D). Importantly, despite severe clinical symptoms in Tpl2-/- mice, 

no virus was observed in either WT or Tpl2-/- mice at peak morbidity and mortality (9 dpi; Figure 

2.1D), demonstrating that both strains had successfully cleared the virus by this time point.  As 

expected from these findings, there was no correlation between morbidity as measured by weight 

loss and viral titers (Figure 2.1E), confirming that the morbidity observed in influenza-infected 

Tpl2-/- mice was not due to increased viral loads. 
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Hypercytokinemia is widely reported in severe influenza-infected patients that eventually succumb 

to disease250,254. It is characterized by significantly increased levels of interferons (IFNs), IL-6, 

TNF, IL-12, IL-1 and various chemokines such as CCL2, MIP-1α, MIP-1β, RANTES, and IP-

10250,254. Therefore, the pro-inflammatory cytokine profile of lung homogenates from influenza-

infected WT or Tpl2-/- mice was assessed using a multiplex protein assay. Significantly increased 

levels of IFN-β, CCL2, IFN-γ, CCL3, CCL4, CCL5 and CXCL10 were observed in the lung tissue 

of influenza-infected Tpl2-/- mice compared to WT (Figure 2.2A-C, 2I-L); increased levels of IFN-

β, IL-6 and IL-10 were observed in the air spaces of Tpl2-/- mice (Supplementary Figure 2.9H, K, 

N); and increased levels of IFN-γ were observed in the blood of Tpl2-/- mice at 7 dpi 

(Supplementary Figure 2.9C). These data demonstrate that Tpl2-/- mice display increased levels of 

pro-inflammatory cytokines and chemokines typically observed in human patients with influenza-

induced hypercytokinemia249–252. Notably, increased weight loss at 7 dpi correlated with high 

levels of IFN-β in the lungs of the Tpl2-/- mice (Figure 2.2Q). However, there was no correlation 

between weight loss and viral load in the tissue at 7 dpi (Figure 2.2R), as was the case at 9 dpi 

(Figure 2.1E). These data demonstrate that the morbidity in Tpl2-/- mice is due to the overexuberant 

immune response in Tpl2-/- mice at the late stage of influenza infection rather than impaired viral 

control.  

 

Tpl2-/- mice are characterized by excessive inflammatory infiltration of the lungs at 7 days post 

influenza infection  

We next assessed the cellular composition of the lung tissue and alveolar air spaces to identify 

cells that would be consequently recruited due to the hypercytokinemia and could contribute to 

tissue damage in the lungs and mortality. Mice were infected with influenza, and bronchoalveolar 
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lavage fluid (BALF) and lung tissue were harvested at 7 dpi for analysis of cellular composition 

by flow cytometry (Supplementary Figure 2.10). The total cellularity of the lungs was significantly 

increased in Tpl2-/- mice. Higher numbers of cells were present in the perfused and lavaged lung 

tissue of the Tpl2-/- mice (Figure 2.3A).  Furthermore, Tpl2-/- mice had significantly increased 

absolute numbers of inflammatory monocytes and neutrophils compared to WT mice at 7 dpi 

(Figure 2.3B-C). An increase in frequency of inflammatory monocytes and neutrophils was also 

noted (Supplementary Figure 2.11A-B), however no differences in total alveolar macrophages, 

NK cells, CD4 or CD8 αβ T cells or even  T cells were observed (Figure 2.3D-H). Therefore, it 

is the numerical increase in inflammatory monocytes and neutrophils that account for the higher 

total cellular infiltrates observed in infected Tpl2-/- mice. Typically, innate immune cells are 

recruited early during influenza infection to phagocytose or endocytose infected cells270; therefore, 

it was unexpected to see such high numbers of them late in the infection in Tpl2-/- mice. Because 

Tpl2 deficiency has been demonstrated to impair monocyte, macrophage and neutrophil 

recruitment in response to inflammatory stimuli224,225,228,233,271, we further assessed the kinetics for 

the paradoxically increased monocytes and neutrophils in the lung tissue of influenza-infected 

Tpl2-/- mice. Therefore, we characterized the cellular composition of lungs at an earlier time point 

(4 dpi) with uninfected mice as negative controls. Although we noted influenza infection-induced 

recruitment of both inflammatory monocytes and neutrophils by 4 dpi, there was no difference 

between the WT and Tpl2-/- mice (Figure 2.3I-J). This was also true of all the other cell types 

examined (Supplementary Figure 2.11E-F). These data suggest a late acting effect of Tpl2, 

possibly in limiting the amplitude of the response or in promoting resolution of inflammation. 

 

NOS2 is overexpressed in the lungs of influenza-infected Tpl2-/- mice  
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Highly pathogenic influenza viruses induce exaggerated immune responses that cause 

immunopathology via damage to the pulmonary epithelium by the recruited immune cells and their 

effector molecules101,258. A study of juvenile mice that exhibit severe disease in response to 

influenza infection revealed recruitment of inflammatory monocytes with high expression of 

inducible nitric oxide synthase (NOS2)137, which induces apoptosis of epithelial cells. Another 

mediator of influenza-associated lung injury is myeloperoxidase (MPO), which is predominantly 

secreted by neutrophils during cases of severely pathogenic influenza infections272. Neutrophil 

Elastase (ELANE) is an inflammatory mediator of neutrophils that is predictive of development 

of acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) , however its role in 

influenza infections is debatable130,273–275 TNF-α receptor-induced apoptosis ligand (TRAIL), 

released by NK cells and inflammatory monocytes, interacts with death receptors on the surface 

of epithelial cells to induce apoptosis138. Given that Tpl2 ablation leads to increased recruitment 

of inflammatory monocytes and neutrophils to the lungs, we next assessed the lung expression of 

pro-inflammatory cytokines and chemokines that recruit these cells as well as their effector 

molecules that could potentially damage the pulmonary epithelium and compromise lung function. 

Consistent with protein data, we noted overexpression of various pro-inflammatory cytokine 

mRNAs in lung tissue from influenza-infected Tpl2-/- mice at 7 dpi, including IFN-β, IFN-γ and 

IL-6, as well as overexpression of chemokines CCL2, CXCL1, CCL5 and CXCL10 which are 

collectively involved in recruitment of inflammatory monocytes and neutrophils (Figure 2.4A-J). 

We also examined the level of CXCL2, another neutrophil recruiting chemokine276 known to be 

active in bacterial infection models and found no difference between WT and Tpl2-/- lung tissue 

(Figure 2.4K). On testing for various inflammatory mediators, including NOS2, MPO, ELANE 

and TNFRSF10 (the gene encoding TRAIL), we observed upregulation of only NOS2 in the lungs 
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of Tpl2-/- mice at 7 dpi (Figure 2.4M-P), suggesting that elevated NOS2 secretion by the increased 

numbers of inflammatory monocytes or neutrophils may contribute to morbidity. Notably, we 

observe that the IFN- mRNA expression correlates with CCL2 mRNA expression (Figure 2.4S), 

and NOS2 mRNA expression in the lungs of the Tpl2-/- mice correlates with both CCL2 and IFN-

β expression (Figure 2.4T-U), supporting the hypothesis that over-expression of IFN- in Tpl2-/- 

mice stimulates increased production of the IFN-inducible gene, CCL2, which is responsible for 

the recruitment of NOS2-expressing monocytes that contribute to the damage of the pulmonary 

epithelium. Additionally, CXCL1 mRNA expression positively correlates with both IFN- and 

NOS2 mRNA expression in the lungs of Tpl2-/- mice (Figure 2.4V-W), even though CXCL1 was 

not upregulated by protein expression at 7 dpi.  

 

Because IFN- protein and mRNA expression were very high in influenza-infected Tpl2-/- mice 

(Figure 2.2C and 2.4D) & has been reported to induce damage via NOS2277, we also examined 

whether IFN-γ correlated with NOS2 mRNA expression and did not find any correlation (Figure 

2.4X). To further address the source of the high levels of IFN-, Tpl2-/- mice and Tpl2-/-Rag1-/- 

mice were infected with influenza, and IFN- protein levels in lung homogenates were assessed at 

7 dpi. Both Tpl2-/- and Tpl2-/-/Rag-/- mice that lack T cells, produced similar levels of IFN- protein 

(Supplementary Figure 2.12A), suggesting that T cells are not the source of IFN- overproduction. 

Collectively, these significant correlations support the hypothesis that the expression of NOS2 is 

linked to the recruitment of inflammatory monocytes and neutrophils under the influence of IFN-

 overexpression and the most likely cause of the morbidity seen in the Tpl2-/- mice. 
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Influenza-infected Tpl2-/- mice exhibit an increased interferon response that cannot be 

adequately controlled by SOCS1-mediated regulation 

The IFNs signal primarily via activation of the JAK/STAT pathway, with STAT1 playing a central 

role for both Type I and II interferons278. Furthermore, interferons participate in a feed-forward 

loop with IFN-β amplifying the signal through Interferon Alpha Receptor 1 (IFNAR1) by inducing 

multiple IFNαs and other interferon-stimulated genes (ISGs), such as CCL2278,279. Finally, 

resolution of this pathway is mediated in large part by the IFN-mediated induction of suppressors 

of cytokine signaling 1 (SOCS1), which downregulates interferon expression and signaling via 

STAT1280. Because Tpl2-/- mice show higher recruitment of inflammatory monocytes and 

neutrophils as the infection progresses, we hypothesized that Tpl2 either limits the amplitude or 

promotes resolution of the antiviral IFN response. To address the regulation of the IFN pathway 

by Tpl2 in response to influenza infection, we first measured the expression of both STAT1 and 

SOCS1, which serve as positive and negative regulators of the IFN pathway, respectively. At the 

peak of morbidity in Tpl2-/- mice at 9 dpi, STAT1 was markedly downregulated in the lungs of 

Tpl2-/- mice (Figure 2.5A). In order to determine the cause of STAT1 downregulation, we assessed 

expression of the various SOCS genes and found that SOCS1 was overexpressed by 7 dpi (Figure 

2.4R) and remained elevated through 9 dpi (Figure 2.5B).  Notably, the IFNs and ISGs were no 

longer upregulated at a transcriptional level in Tpl2-/- mice at 9 dpi, suggesting that elevated 

SOCS1 is suppressing the IFN response (Figure 2.5F-O). Additionally, in Tpl2-/- mice, SOCS1 is 

upregulated at 9 dpi while all IFNs and ISGs decline to WT levels by 9 dpi, providing further 

evidence of SOCS1-mediated transcriptional repression of the interferon response. Overexpression 

of SOCS1 in Tpl2-/- lung tissue was associated with increased levels of IL-10 protein in the lungs 

(Figure 2.5R), indicative of a reparative response. However, despite elevated SOCS1 and 
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decreased NOS2 mRNA expression in Tpl2-/- mice at 9 dpi (Figure 2.5B, N), CCL2 protein levels 

remained elevated (Figure 2.5Q) and were accompanied by trending higher levels of other pro-

inflammatory cytokines, including IFN-γ and IL-6 (Figure 2.5S-V). Cxcl1 levels were not different 

(Figure 2.5W), consistent with protein levels observed at 7 dpi (Figure 2.2H).Therefore, we 

conclude that inefficient regulation of the IFN/STAT1 pathway via SOCS1 permitted persistently 

elevated levels of CCL2, the chemokine recruitment signal for monocytes, in Tpl2-/- mice at the 

peak of morbidity (9 dpi). Collectively, these findings suggest that dysregulation of the IFN 

pathway in Tpl2-/- mice promotes excessive and prolonged influx of inflammatory cells that 

contribute to lung damage and morbidity observed in influenza-infected Tpl2-/- mice. 

 

In chimeras with Tpl2 ablation restricted to radio resistant cells, hypercytokinemia is suppressed  

In an effort to localize Tpl2 functions that regulate hypercytokinemia in late stages of influenza 

infection, we generated chimeras using WT or Tpl2-/- recipient mice that were given WT donor 

bone marrow post irradiation, ensuring that hematopoietic cells would be of WT origin post 

recovery (as outlined in Figure 2.6A). Differential weight loss was observed in the Tpl2-/- chimeras 

from 7 to 8 dpi (Figure 2.6B), after which the mice recovered. Upon examination of the cytokines 

in the lungs, CCL2, IFN- and IL-6 were all upregulated in Tpl2-/- chimeras (Figure 2.6 C-E) at 8 

dpi, whereas the levels of other pro-inflammatory cytokines such as TNF, IL-12, IL-10 and 

CXCL1 were not affected (Figure 2.6 F-I). Upregulation of CCL2, IFN- and IL-6 at 8 dpi in Tpl2-

/- chimeras suggests that the cytokine dysregulation is partially attributed to Tpl2 deficiency in 

radio-resistant cells, such as epithelial79,80 or stromal cells281. Importantly, the regulation of these 

cytokines normalized in Tpl2-/- chimeras by 10 dpi, at which time the Tpl2 chimeras fully 

recovered. This overall phenotype is unlike the prolonged cytokine dysregulation and progressive 
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weight loss seen in germline Tpl2-/- mice at 9 dpi (Figure 2.1A), suggesting that Tpl2-/- chimera 

recovery is mediated by suppression of hypercytokinemia by WT hematopoietic cells. As alveolar 

macrophages are also part of the lung resident immune cell population and are radioresistent282, 

we considered the possibility that the source of the dysregulated cytokines at 7 dpi was the alveolar 

macrophages rather than the epithelial or stromal cells. However, we found no differences in the 

gene expression for CCL2, IL-6, IFN-γ or IFN-β at 7 dpi in sorted alveolar macrophages from WT 

and Tpl2-/- lungs (Supplementary Figure 2.13A-D).  

 

DISCUSSION  

Tpl2-/- mice exhibit enhanced morbidity and mortality to influenza infection with deteriorating 

clinical symptoms from 7 to 9 dpi. Live virus was undetectable by 9 dpi, confirming complete, 

albeit delayed, viral clearance in the Tpl2-/- mice as noted in our previous study222. Despite viral 

clearance, the Tpl2-/- mice showed hypercytokinemia and influx of inflammatory cells, specifically 

inflammatory monocytes and neutrophils, by 7 dpi. Increased inflammatory monocyte and 

neutrophil recruitment in Tpl2-/- mice coincided with increased expression of type I interferons and 

the inflammatory mediator NOS2 (Figure 2.7).These findings demonstrate that Tpl2 serves a 

regulatory role during influenza infection by tempering the production of type I interferons and 

IFN-stimulated chemokines that leads to excessive recruitment of inflammatory cells known to 

cause physical trauma to the pulmonary epithelium101,251,258,283. 

 

Infection of mice with virulent strains of influenza leads to increased expression of IFNs and 

concomitant overexpression of CCL2, which induces excessive recruitment of inflammatory 

monocytes and immunopathology100,101,137,258. Consistent with these studies, severe weight loss in 
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Tpl2-/- mice was associated with increased expression IFN-. High IFN-β expression correlated 

with increased CCL2 and NOS2 expression, supporting IFN-CCL2-NOS2 as an axis of 

monocyte-mediated recruitment and inflammation in Tpl2-/- mice. Importantly, IFN- and CCL2 

were also both overproduced at the protein level in influenza-infected Tpl2-/- mice, further 

supporting this mechanism of regulation. Although high CXCL1 correlated with elevated IFN-β 

and NOS2 at the mRNA level in Tpl2-/- mice, lack of CXCL1 protein overexpression at 7 dpi 

suggests translational control of this chemokine in the Tpl2-/- mice despite high mRNA levels, 

questioning the contribution of this pathway in cellular recruitment. Other chemokines elevated in 

influenza-infected Tpl2-/- mice, including CXCL10, CCL5, CCL3 and CCL4, are also 

overexpressed in human cases of lethal influenza infections249,252 and recognized for recruitment 

of inflammatory monocytes and neutrophils251. Notably, CCL3 (MIP1α) has also been recognized 

as a neutrophil recruiter284, and CCL3 was increased in the Tpl2-/- at the protein level at 7 dpi 

(Figure 2.2K). Importantly, IL-6 and chemokines like CCL3, CCL4 and CCL5, which are not 

classically induced by IFNs, are also upregulated in Tpl2-/- mice, indicative of a generalized 

inflammatory response. However, overexpression of IFNs (IFN-β/IFN-) and IFN-inducible 

chemokines, like CCL2100,279 and CXCL10285, suggest a more pronounced alteration of these IFN 

pathways. According to multiple lines of evidence249,250,286, targeted dysregulation in these 

pathways is sufficient to cause the excessive recruitment of the inflammatory monocytes and 

neutrophils, consistent with the phenotype of influenza-infected Tpl2-/- mice at 7 dpi.   

It is important to note that the excessive recruitment of monocytes and neutrophils in Tpl2-/- mice 

reported herein during influenza infection was unexpected based upon the recruitment phenotypes 

observed in Tpl2-/- mice using other inflammatory models. Multiple studies have shown that Tpl2 

ablation leads to decreased recruitment of both macrophages and neutrophils in response to 
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inflammation induced by zymosan, acetaminophen, caerulein or thioglycollate 

administration225,267,271,287,288. However, these studies have focused on the acute effects (within 72 

hours) of Tpl2 ablation unlike the later phenotype assessed herein. In this regard, we previously 

noted similar levels of IFN-β at 1 and 3 dpi with influenza222, consistent with similar cellular 

recruitment profiles at 4 dpi (Figure 2.3I-J), suggesting an important kinetic component. Another 

important distinction in the models is the differential expression of type I IFNs, which are known 

for their immunomodulatory effects. Influenza infections are characterized by high levels of type 

I IFNs compared to the acute inflammatory models used to assess innate immune cell recruitment 

in Tpl2-/- mice225,267,271,287,288. Infection of Tpl2-/- mice with Mycobacterium tuberculosis results in 

a high type I IFN signature that impairs antibacterial functions via induction of IL-10, reminiscent 

of the present findings228; however, potential effects of Tpl2 on pulmonary recruitment of 

monocytes and neutrophils was not assessed in this model228. Collectively, these studies emphasize 

the importance of kinetic regulation of cytokines and chemokines in promoting inflammation. 

Furthermore, they suggest that stimuli that promote strong type I IFN responses are likely to elicit 

uncontrolled inflammation in Tpl2-/- mice.  

 

The use of bone marrow chimeras revealed important information about the source of the Tpl2-

dependent immunoregulation during influenza infection. We observe upregulation of the IFN 

response in later stages of the infection in germline Tpl2-/- mice as well as chimeras, although this 

was not sustained in the chimeras. Transient IFN overexpression resolved by 10 dpi, corresponding 

with complete recovery of Tpl2-/- chimeras. These findings indicate that Tpl2 ablation in 

radioresistant cells like the pulmonary epithelium or endothelium leads to an initial cytokine 

dysregulation and overexpression at 7 dpi. The full recovery of Tpl2-/- chimeras compared to the 



 

50 

high morbidity of germline Tpl2-/- mice further suggests that Tpl2 also functions to some extent 

within the non-hematopoietic compartment to limit influenza-induced inflammation. Overall, 

these findings suggest that the source of hypercytokinemia is an interplay between Tpl2-dependent 

effects in both radioresistant stromal cells and radiosensitive hematopoietic cells.  

 

The most prominent radioresistant lung cell populations that are susceptible to influenza infection 

are the Type 1 and Type 2 airway epithelial cells as well as alveolar macrophages. While the 

alveolar macrophages are susceptible to infection, they express lower levels of cytokines than 

peripheral blood monocyte derived macrophages57. Furthermore, the similar expression levels of 

IFN and CCL2 (among others) by alveolar macrophages isolated from influenza-infected WT 

and Tpl2-/- mice suggest that dysregulated cytokine responses in influenza-infected Tpl2-/- mice 

likely originate from other cellular sources, like the pulmonary epithelial cells that are primary 

targets and replicative niches for influenza. Cell-type specific regulation of the type I interferons 

by Tpl2 has been characterized in multiple immune cell types, including macrophages, DCs and 

pDCs. However, evidence of Tpl2-dependent regulation of epithelial cell functions is sparse. One 

study of intestinal inflammation using the DSS model has demonstrated that Tpl2 is essential for 

intestinal homeostasis, with Tpl2-deficient mice showing extensive intestinal inflammation 

characterized by focal ulceration, loss of Goblet cells and loss of crypts 289.The protective role for 

Tpl2 in that study was shown to be intrinsic to intestinal myofibroblasts that sense epithelial 

damage and signal homeostatic responses via a Tpl2-COX-2-Prostaglandin E2 pathway. Another 

study demonstrated that Tpl2 signals ERK1/2 activation in response to Pseudomonas antigens and 

several purified TLR ligands via TAK1 and IKK- in BEAS-2B immortalized human bronchial 

epithelial cells, and Tpl2 inhibitor treatment resulted in decreased Pseudomonas-induced IL-6 and 
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IL-8 secretion290. A follow-up study from the same group showed that Tpl2 also promoted IL-33 

expression in response to Pseudomonas aeruginosa via the same pathway in airway epithelial cells 

expressing a Cystic Fibrosis mutation (CFTRdelF508)261. Unfortunately, none of these studies 

provides insight into whether or how Tpl2 regulates type I interferon production in pulmonary 

epithelial cells. Ongoing studies are addressing the Tpl2-dependent regulation of antiviral 

responses specifically within pulmonary epithelial cells. However, the current findings suggest 

that overall Tpl2 functions as a negative regulator of type I IFNs late during influenza infection, 

which is consistent with the negative regulation observed in macrophages and dendritic cells 222,229.  

 

Antiviral IFNs are potent inhibitors of viral spread, but they also stimulate strong inflammatory 

responses, including antigen presentation by dendritic cells and T cell differentiation and 

activation, and their dysregulation can lead to immunopathologies 99,291,292. The necessarily tight 

control over IFN signaling is achieved, in part, by the actions of a family of eight SOCS proteins 

that inhibit JAK/STAT signaling. Not only did we observe overexpression of IFNs and ISGs such 

as STAT1, CCL2 and IFN- at 7 dpi, but we also observed a striking induction of SOCS1 in the 

lungs of the Tpl2-/- mice. SOCS1 is an ISG induced during influenza infection to inhibit the 

expression of IFNs and their downstream signaling by inhibiting STAT1 or JAK1, which are 

required for signaling via this pathway280,293. Moreover SOCS1 can be stimulated in response to 

influenza by a wide range of pathways including RIG-I, MAVS and the IFNAR1 pathway and can 

concomitantly downregulate other ISGs including STAT1, IFN-β and IRF-3280. SOCS3 is another 

ISG that has been found to downregulate similar ISGs as SOCS1 and impacts the regulation of IL-

6 via the STAT3 pathway independent of the IFN signaling pathway123,280,294. Additionally, Socs4-

/- mice are highly susceptible to influenza infections due to elevations in key inflammatory 
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cytokines such as IL-6, IFN- and CCL2 with impaired trafficking of virus specific CD8 T cells 

to the lungs, highlighting the importance of SOCS4 mediated regulation of the influenza 

response295. Among the various SOCS family members, we observed consistently upregulated 

levels of SOCS1 in Tpl2-/- mice from 7 to 9 dpi. This increase in SOCS1 in Tpl2-/- mice presumably 

assisted in the downregulation of STAT1 and other ISGs such as NOS2 by 9 dpi. Despite the 

downregulation of CCL2 mRNA at 9 dpi, corresponding reductions at the protein level were 

delayed, and overexpression of CCL2 and IL-10 proteins were still evident at 9 dpi. Therefore, 

negative regulation of the interferon pathway is operative in the Tpl2-/- mice, although delayed 

such that CCL2 protein levels are inefficiently suppressed at 9 dpi, potentiating cellular infiltration 

in Tpl2-/- mice late during infection.  

 

Nitric oxide synthase 2 (NOS2) is one of the inflammatory mediators shown to cause epithelial 

cell damage and thereby lead to morbidity in influenza-infected mice that present with 

hypercytokinemia137,283. NOS enzymes catalyze the production of nitric oxide (NO) from L-

arginine. Notably, NOS and NO have previously been implicated in damage to the pulmonary 

epithelium. First, higher expression of NO has been observed in mice infected with highly 

pathogenic avian influenza strains compared to seasonal strains, and antibody blockade of NO led 

to increased survival283. Second, NOS2-/- mice survived infection with a low pathogenicity virus 

strain via an IFN-dependent anti-viral mechanism, demonstrating that NOS2 contributed more to 

influenza-mediated pneumonitis rather than viral control in WT mice277. Although NO expression 

is not restricted to either inflammatory monocytes or neutrophils283, NO expression by other 

sources such as the epithelium is low and transient296. Similarly, NO expression by alveolar 

macrophages is also restricted, being stimulated by IFN only from macrophages that are in contact 
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with type II alveolar epithelial cells296,297. Importantly, during influenza infection, the primary 

source of NOS2 has been demonstrated to be inflammatory monocytes137,258. NOS2 is also 

expressed to a lesser extent by neutrophils, which were also increased in Tpl2-/- mice (Figure 2.3C). 

However, failure to detect coincident elevations in MPO expression (Figure 2.5L, 6O), a hallmark 

neutrophil effector molecule, in Tpl2-/- mice suggests that neutrophils are not a dominant mediator 

of pulmonary damage in this model or they are working in concert with inflammatory 

monoctyes257,298,299. Therefore, it is likely that the numerically increased inflammatory monocyte 

pool, with additional neutrophil contribution in the Tpl2-/- mice induces lung pathology via their 

expression of NOS2 and NO. 

 

Analyses of peripheral blood during influenza infection in humans has demonstrated upregulation 

of Tpl2 expression at days 4 and 6 post infection300. We show that Tpl2 tempers severe 

immunopathology during influenza infection in mice via suppression of late-stage cytokine 

regulation. Future studies should examine the correlation of Tpl2 expression with influenza 

outcomes, as Tpl2 expression may represent a diagnostic tool in the prediction of severe 

immunopathology during influenza infection. Furthermore, a better understanding of 

immunoregulation of influenza infections by Tpl2 could also guide the discovery of 

immunotherapies for cases of hypercytokinemia.  
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Figure 2.1: Severe pathology in influenza-infected Tpl2-/- mice does not correlate with viral 

load. (A) Percent weight change of WT (n=5) versus Tpl2-/ - (n=5) mice 9 dpi with 104 pfu 

influenza A virus strain x31. Data are representative of 5 experiments Unpaired student’s t-test; 

*p<0.05, **p<0.01, ****p<0.0001 (B) Progression of clinical symptoms including lethargy, 

piloerection, and hunching is shown throughout the course of infection with Data are 

representative of 5 experiments Unpaired student’s t-test; *p<0.05, **p<0.01, ****p<0.0001 (C) 

Area under the curve statistics. Data are representative of 5 experiments, Area Under the Curve 

analysis was performed per genotype in Prism and then compared statistically by Unpaired 

student’s t-test; ****p<0.0001 (E) Lung viral titers (pfu/ml) were quantitated at 9 dpi. Baseline 

represents the limit of detection (LOD = 10 pfu/ml). Undetectable virus loads were assigned a 

value of 1. (F) Correlation of viral titers with weight loss at 9 dpi. Data are representative of 2 

experiments. Two tailed Pearson’s Correlation test was performed  
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Figure 2.2. Excessive IFN cytokine signature is observed in influenza-infected Tpl2-/- mice at 

7 dpi. WT (n=10) and Tpl2-/- (n=9) mice were infected intranasally with 104 pfu of influenza x31 
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and euthanized at 7 dpi. (A-P) The lungs were homogenized for analysis of cytokine expression. 

Squares represent male mice, and circles represent female mice. Data are representative of 2 

experiments. Unpaired student’s t-test*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (Q) 

Correlation of Interferon levels in the perfused and lavaged lungs with weight loss at 7 dpi. (R) 

Correlation of viral titers in the perfused and lavaged lungs with weight loss at 7 dpi. Data are 

representative of 2 experiments. Two tailed Pearson’s Correlation test was performed *p<0.05,  
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Figure 2.3. Excessive cellular influx of inflammatory monocytes and neutrophils in Tpl2-/- 

mice infected with influenza. WT and Tpl2-/- mice were infected intranasally with 104 pfu of 

influenza x31 and euthanized at 7 dpi. The lungs were lavaged, perfused with PBS, digested with 

collagenase, and interstitial leukocytes were enriched by Percoll density gradient centrifugation 

(A-H). Cell populations of infected WT (n=6) and Tpl2-/- (n=5) mouse lungs (post lavage, 

perfusion and digest) at 7 dpi are shown. Data are representative of 3 experiments. (I-J) Infiltrating 

cell populations were also assessed for wild type (n=7) and Tpl2-/- (n=8) mice at 4 dpi (post lavage, 

perfusion and digest), including uninfected controls (UI). Data are representative of 3 experiments. 
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Unpaired student’s t-test*p<0.05, **p<0.01, ***p<0.001. Squares represent male mice, and circles 

represent female mice. 
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Figure 2.4. Increased mRNA expression of proinflammatory mediators in lungs of influenza-

infected Tpl2-/- mice at 7 dpi. (A-R) WT (n=10) and Tpl2-/- (n=9) mice were infected intranasally 
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with 104 pfu of influenza X-31 and euthanized at 7 dpi. The lungs were homogenized, and RNA 

was extracted and analyzed for gene expression by real-time PCR for pro-inflammatory cytokines 

(A-F), chemokines (G-K), anti-inflammatory cytokine (L), inflammatory mediators (M-P) and 

transcriptional regulators (Q-R). Unpaired student’s t-test*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. (S) Pearson’s correlation of CCL2 mRNA versus IFN-β mRNA on day 7. *p<0.05 

(T) Pearson’s correlation of NOS2 mRNA versus CCL2 mRNA on day 7. *p<0.05 (U) Pearson’s 

correlation of NOS2 mRNA versus IFNβ mRNA on day 7. *p<0.05 (V) Pearson’s correlation of 

CXCL1 mRNA versus IFNβ mRNA on day 7. *p<0.05 (W) Pearson’s correlation of NOS2 mRNA 

versus CXCL1 mRNA on day 7. *p<0.05 (X) Pearson’s correlation of NOS2 mRNA versus IFN-

 mRNA on day 7. *p<0.05 Data are representative of 2 experiments. Squares represent male mice, 

and circles represent female mice. 
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Figure 2.5. Ineffective suppression of CCL2 protein levels despite transcriptional repression 

in influenza-infected Tpl2-/- mice at 9 dpi. WT (n=5) and Tpl2-/- (n=5) mice were infected 

intranasally with 104 pfu of influenza x31 and euthanized at 9 dpi. (A-O) WT (14) & Tpl2-/- (11) 

lungs were homogenized and analyzed for gene expression for transcriptional regulators (A-E), 

pro-inflammatory cytokines (F-I), anti-inflammatory cytokines (J), chemokines (K-L) and 

inflammatory mediators (M-O). (P-W) The lungs were homogenized and assessed for cytokine 

protein levels. Squares represent male mice, and circles represent female mice. Data are 

representative of 2 experiments. Unpaired student’s t-test *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

  



 

63 
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Figure 2.6. Tpl2 ablation in the radioresistant cells allows for an initial cytokine burst at 8 

dpi, but they recover by 10 dpi. (A) Experimental outline for infection of chimeras WT or Tpl2-

/- mice were irradiated and given WT bone marrow to reconstitute for 2 months. They were then 

infected and studied for 8-10 days for clinical outcome & cytokine examination on Day 8 or Day 

10 post infection. (B) Weight loss curve shows that the Tpl2-/- chimeras show greater weight loss 

by day 8, but are able to recover their weights by day 10 post infection. Diamonds are used to 

represent that the data points are averaged for males and females (C-I) Cytokine expression at day 

8 or day 10 post infection. Unpaired student’s t-test *p<0.05, **p<0.01. 
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Figure 2.7: Tpl2 regulation of the Immune response for late stages of Influenza infection. In 

the lungs of influenza-infected Tpl2-/- mice at 7 dpi, upregulation (green arrows) of the IFNs and 

chemokines leads to recruitment and retention of inflammatory monocytes (IM, circles) and 

neutrophils (N, boxes) that lead to lung damage likely via nitric oxide (NO). IFN signaling also 

activates the SOCS1 transcriptional repressor, that suppresses STAT1 mRNA levels to limit 

further IFN signaling by 9 dpi. However, inefficient SOCS1-mediated repression in Tpl2-/- mice 

allows persistent CCL2 overexpression and inflammation, progressing to morbidity and mortality.   
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Supplementary Figure 2.8. Male mice show similar weight loss and clinical scores as female 

mice in response to influenza A virus. (A) Percent weight change of both female and male WT 

(n=21) versus Tpl2-/ - (n=30) mice 9 dpi with 104 pfu influenza A virus strain x31. Data are 

representative of 5 experiments. Unpaired student’s t-test; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 (at each dpi). (B) Percent weight change of male WT (n=5) versus male Tpl2-/ - 

(n=14) mice 9 dpi with 104 pfu influenza A virus strain x31. Data are representative of 3 

experiments. (C-D) Progression of clinical symptoms including lethargy, piloerection, and 

hunching is shown throughout the course of infection for both sexes (C) with data representative 

of 5 experiments and for males only (D) with data representative of 3 experiments. Unpaired 

student’s t-test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  Diamonds denote the inclusion 

of both males and female data points in the average; squares represent male data points only 

included in averages. 
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Supplementary Figure 2.9. Increased blood and BAL cytokines in influenza-infected Tpl2-/- 

mice at 7 dpi. Wild type (n=10) and Tpl2-/- (n=9) mice were infected intranasally with 104 pfu of 

influenza x31 and euthanized at 7 dpi. (A-G) The Blood was collected by cardiac puncture to 

analyze the cytokine expression. (H-N) PBS was intratrachially injected into the Bronchio-

Alveolar spaces to collect the BAL fluid and then used to analyze cytokine expression. Squares 

represent male mice, and circles represent female mice.  Data are representative of 2 experiments. 

Unpaired student’s t-test *p<0.05, **p<0.01, ***p<0.001.  
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Supplementary Figure 2.10. Flow cytometry gating strategy used to differentiate 

populations. (A) Siglec F, CD11b, CD11c, Ly6C, Ly6G, CD45.2 (Stain 1); (B) TCRαβ, TCRγδ, 

CD4, CD8, DX5, CD45.2 (Stain 2). 
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Supplementary Figure 2.11. Additional cellular profiling at 4pi and 7dpi. WT (n=6) and Tpl2-

/- mice (n=5) were infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. The 

lungs were lavaged, perfused with PBS, digested with collagenase, and interstitial leukocytes were 

enriched by Percoll density gradient centrifugation. Squares represent male mice, and circles 

represent female mice. (A-D) lung cell frequencies(post lavage, perfusion and digest) are shown. 

(E-F) Total cell numbers in Lung(post lavage, perfusion and digest) at 4 dpi were determined by 

flow cytometry as specified in Materials and Methods. Data are representative of 3 experiments. 

Unpaired student’s t-test *p<0.05, **p<0.01.  
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Supplementary Figure 2.12. Interferon γ levels are not affected in the absence of T cells in 

Tpl2-/-/Rag-/- mice compared to Tpl2-/- infected mice at 7dpi.WT (n=10), Tpl2-/- mice (n=8), Rag-

/- (n=15) & Tpl2-/-/Rag-/-  (n=12) were infected intranasally with 104 pfu of influenza x31 and 

euthanized at 7 dpi. (A) IFNу levels in the homogenized lungs (not perfused or lavaged) assayed 

by Peprotech ELISA from infected mice at 7 dpi. Data includes 2 representative experiments. 

Squares represent male mice, and circles represent female mice. Unpaired student’s t-test *p<0.05, 

**p<0.01.  
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Supplementary Figure 2.13. No difference in cytokine expression between WT and  Tpl2-/-

alveolar macrophages for CCL2, IL-6 and IFN-γ. WT(n=7) and Tpl2-/-(n=7) mice were infected 

intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. Their lungs were digested with 

collagenase and leukocytes were sorted out based on the flow gating strategy in Supplementary 

Figure 3 for Alveolar Macrophages (AM). (A-D) The cells were lysed in TRK lysis buffer, and 

the RNA was extracted, converted to cDNA and analyzed by qPCR using the respective Taqman 

probe and normalized to their WT counterparts, which was designated a value of 1. Data are 

representative of 2 experiments. Unpaired student’s t-test was used to compare between WT and 

Tpl2- *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Female mice were used for these 

experiments.  
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CHAPTER 3 

TPL2 ABLATION INDUCES OVEREXPRESSION OF INTERFERON λ, CXCL1 AND 

NEUTROPHIL RECRUITMENT IN THE ABSENCE OF TYPE I INTERFERON 

REGULATION DURING INFLUENZA INFECTION 
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ABSTRACT 

Tumor progression locus 2 (Tpl2) is a serine-threonine kinase known to promote inflammation in 

response to various infectious agents. We have previously shown that Tpl2-/- mice succumb to 

infection with a normally low-pathogenicity strain of influenza (x31, H3N2). Tpl2-/- mice 

expressed increased levels of Interferon-β (IFN-β), chemokine CCL2 (Monocyte chemoattractant 

protein/MCP-1) and IFN-γ, which were accompanied by excessive pulmonary influx of monocytes 

and neutrophils. The goal of the current study is to evaluate the contribution of these mediators to 

morbidity and mortality in Tpl2-/- mice. Since Type 1 Interferons (T1 IFNs) are known to induce 

CCL2 during influenza, we examined the phenotype of IFNAR1-/-Tpl2-/- mice to determine if 

increased morbidity and mortality were due solely to the Tpl2-dependent overexpression of IFN-

β. In the absence of T1 IFN signaling, Tpl2 deficiency did not lead to increased CCL2 expression 

or monocyte recruitment, confirming that Tpl2 normally constrains influenza-induced 

inflammatory monocyte recruitment via inhibition of the T1 IFN/CCL2 axis. Unexpectedly, we 

observed excessive recruitment of neutrophils as early as 4 days post infection (dpi) in both 

IFNAR1-/- and IFNAR1-/-Tpl2-/- mice compared to control mice, demonstrating a generalized 

inhibition of neutrophil recruitment via IFNAR1 signaling. However, among IFNAR1-/- strains, 

neutrophil recruitment was significantly increased in IFNAR1-/-Tpl2-/- compared to IFNAR1-/- mice 

by 7 dpi, revealing a secondary pathway of neutrophil recruitment during influenza infections that 

is active in the absence of type I IFN signaling and inhibited by Tpl2. In addition to the neutrophil 

recruitment, the cytokines IL-6, IFN-γ, IL-1β, and G-CSF were upregulated in both the IFNAR1-/- 

and IFNAR1-/-Tpl2-/- strains, but IFN-λ and CXCL1 was overexpressed only in the IFNAR1-/-Tpl2-

/- mice at 7 dpi. These findings highlight a role for Tpl2 in restricting the expression of IFN-λ, 

CXCL1 and pulmonary recruitment of neutrophils during influenza infection, independent of T1 
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IFN regulation. This information positions Tpl2 for potential host-targeted therapies to treat severe 

cases of influenza which are typically associated with excess type I IFNs and robust inflammatory 

monocyte recruitment.  

 

INTRODUCTION 

Influenza disease worldwide results in 3 to 5 million cases of severe illness, and about 290,000 to 

650,000 respiratory deaths annually, by WHO estimates26. While annual vaccinations help to 

combat seasonal infections by generating immunologic memory, there are several factors that 

hamper this protection, including failed predictions of prevalent circulating strains and poor public 

compliance. The available antiviral treatment is most effective when initiated 48 hours post onset 

of symptoms301,302, however specific testing for influenza antigens is required to start 

treatment36,303,304. Additionally, development of drug resistance strains also is an impediment to 

successful treatment305–307. Furthermore even seasonal infections can lead to severe disease in 

certain cases, progressing rapidly to hospitalization, pneumonia, acute respiratory distress and 

death, especially in people with comorbidities36,308.The groups at higher risk for severe influenza 

include individuals below 6 years of age and above 60 years, as well as people with other risk 

factors like smoking,  heart disease, obesity, chronic pulmonary disease, pregnancy, genetic 

predisposition to interferonopathies and immune response alterations due to sex steroid 

treatment29–34.  In addition, the disease is generally more severe in epidemics involving highly 

pathogenic strains like the avian H1N5 strain or the swine pandemic strain, H1N1309–312.  

Influenza viruses belong to the Orthomyxoviridae family and have an enveloped genome of 

negative sense single-stranded RNA1. Infected host cells sense influenza infection via recognition 

of pathogen-associated molecular patterns (PAMPs) such as viral RNA, by host pathogen 
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recognition receptors (PRRs). The primary PRRs involved in influenza recognition include the 

RIG-I-like receptor family, Toll-Like receptors (TLRs) and the inflammasome complex, of which 

RIG-I activation is the predominant inducer of antiviral interferons (IFNs)70. RIG-I is able to 

recognize the presence of 5′-triphosphate (5′ppp) or a 5′-diphosphate (5′pp) group of the viral 

genomic RNA, while it is being assembled into a progeny virion in the cytoplasm66. 

One of the most prominent and early anti-viral responses is the production of the Type 1 interferons 

(T1 IFN), including a single IFN-β and thirteen IFN-α subtypes89,90. Upon recognition of viral 

components by RIG-I, induction of T1 IFNs91 leads to activation of TANK-binding kinase 1 

(TBK1). TBK1 activates IFN-regulatory factor 3 (IRF3) or TGFβ-activated kinase 1 (TAK1)  to 

ultimately activate NFκB89,90. Collectively, this leads to IRF3-mediated nuclear transcription of 

the primary interferons, IFN-β and IFN-α4313. Once secreted, they bind to the heterodimeric 

Interferon Alpha Receptor (IFNAR1 and IFNAR2) on the cell surface90. This leads to 

phosphorylation of the Janus Kinases 1 and 2 (JAK1 and JAK2) proteins that, in turn, 

phosphorylate and activate the Signal Transducers and Activators of Transcription 1 and 2 (STAT1 

and STAT2)89,92. STAT1 and STAT2 together with IRF9, form the Interferon Stimulated Gene 

Factor 3 (ISGF3) complex. This complex translocates to the nucleus where it stimulates the 

expression of the transcription factor interferon regulatory factor 7 (IRF7), which is required for 

expression of all other IFN-α subtypes93. T1 IFNs also induce other IFN-stimulated genes (ISGs) 

that collectively mediate the antiviral response. For example, IFITM3 prevents viral egress by 

altering endosomal pH94; MxA activates the NLPR3 inflammasome by sensing viral proteins75.; 

OasL mimics polyubiquitination to enhance the RIG-I recognition of viral RNA95,96. and ISG15 is 

involved in the prevention of systemic inflammatory cytokine response97. IFN-β stimulates 

epithelial cells to secrete higher levels of TNF, chemokines CCL2, CCL5, CXCL8 and CXCL10 
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81. These chemokines collectively recruit monocytes and natural killer (NK) cells to the site of 

infection99–101. 

One host regulator of the T1 IFN response is the serine-threonine kinase Tumor Progression Locus 

2 (Tpl2), also known as MAP3K8 and Cancer Osaka Thyroid (Cot)199. TPL2 is a member of the 

MAP kinase family that is prominently expressed in multiple organs, including the spleen, thymus, 

lung, endometrium, liver and intestine200–203. Prior to activation, Tpl2 is in a complex with NFκB 

inhibitory protein-1 (NFκB-1) p105 and ABIN-2 (A20-binding inhibitor of NF-κB-2)213.  

Stimulation of various receptors, including TLRs206,207, TNF family receptors208,209, IL-1 

receptor210 and some G protein-coupled receptors (GPCR)211, leads to Tpl2 activation downstream 

of the IKK complex. The IKK complex is made up of the IKKα, IKKβ, and IKKγ212 Specifically, 

IKK activation leads to NFκBp105 phosphorylation, ubiquitination and limited proteosomal 

degradation, resulting in the release of Tpl2 from its negative regulation214. Tpl2 kinase activity is 

subsequently triggered by IKK-mediated phosphorylation 214. Active Tpl2 mediates downstream 

signaling via multiple pathways, including NFκB, IRFs, ERK, JNK and p38207,213,221.  

Tpl2 promotes host immunity to a variety of intracellular pathogens including Toxoplasma gondii, 

Listeria monocytogenes, Mycobacterium tuberculosis, Group B Streptococcus and influenza A 

virus222,228,232,314 Notably, impaired host resistance to both Mycobacterium tuberculosis and Group 

B Streptococcus was associated with alterations in the T1 IFN response. Infection of Tpl2-/- mice 

with Mycobacterium tuberculosis significantly increased T1 IFN responses, and susceptibility of 

Tpl2-/- mice to M. tuberculosis could be rescued by simultaneously interrupting T1 IFN signaling 

in IFNAR1-/-Tpl2-/- mice228. Conversely, increased susceptibility to Group B Streptococcus was 

associated with decreased T1 IFN response314. On  examination of T1 IFN regulation by Tpl2 on 

a cellular scale, we note thatTpl2-/- macrophages and dendritic cells over-produce TI IFNs 
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compared to WT cells, whereas Tpl2-/- pDCs display significantly reduced TI IFN 

production222,225,229. Thus, we see that Tpl2 regulation of T1 IFN responses are regulated in a cell 

type- and stimulus-specific manner.  

  

We have previously shown that Tpl2-/- mice exhibit enhanced morbidity and mortality to influenza 

infection, with deteriorating clinical symptoms from 7 to 9 dpi315. Live virus was undetectable by 

9 dpi, confirming complete, albeit delayed, viral clearance in the Tpl2-/- mice as noted in our 

previous study. Despite viral clearance, Tpl2-/- mice showed hypercytokinemia and excessive 

pulmonary influx of inflammatory monocytes and neutrophils by 7 dpi. Increased inflammatory 

monocyte and neutrophil recruitment in Tpl2-/- mice correlated with increased expression of T1 

IFN and the inflammatory mediator, nitric oxide synthase 2 (NOS2). These findings demonstrate 

that Tpl2 serves a regulatory role during influenza infection by tempering the production of T1 

IFNs and IFN-stimulated chemokines. In this way, Tpl2 ablation leads to excessive pulmonary 

accumulation of inflammatory cells known to cause physical trauma to the respiratory 

tract101,251,283. The goal of the current study is to determine whether enhanced morbidity and 

mortality in Tpl2-/- mice can be alleviated by the absence of T1 IFN signaling and to gain additional 

insight into increased neutrophil recruitment observed in Tpl2-/- mice. 

 

MATERIALS AND METHODS  

Ethics Statement  

All animal experiments were performed in accordance with “The Guide for Care and Use of 

Laboratory Animals” and were approved by the University of Georgia Institutional Animal Care 

and Use Committee (IACUC).  
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Mice and influenza infections 

Wild type (WT) C57BL/6 and Rag1-/- mice were purchased from the Jackson Laboratory and bred 

in-house. Tpl2-/- mice backcrossed 10 generations onto the C57BL/6 strain were kindly provided 

by Dr. Philip Tsichlis206. Animals were housed in microisolator cages in the Central Animal 

Facility of the College of Veterinary Medicine. IFNAR1-/- mice were kindly provided by Dr. Biao 

He (University of Georgia).  

Age-matched, 6- to 8-week-old WT, Tpl2-/-, IFNAR1-/- and IFNAR1-/-Tpl2-/- mice were 

anesthetized with approximately 250 mg/kg of 2% weight/volume Avertin (2,2,2- 

Tribromoethanol, Sigma) followed by intranasal instillation of 50 µl PBS containing 104 pfu of 

influenza A/HKX31 (H3N2, hereafter referred to as x31). The stock virus was propagated in 

specific pathogen free eggs (Poultry Diagnostics and Research Center, UGA) and then tittered as 

described previously315.  

Mice were studied for their susceptibility to infection by measuring daily weight loss and clinical 

scores according to the following index: piloerection, 1 point; hunched posture, 2 points; rapid 

breathing, 3 points. Mice with a cumulative score of 5 or that had lost 30% of their initial body 

weight were humanely euthanized.  

 

Tissue collection and analysis for virus titers, cytokine, and gene expression 

Mice were sacrificed at 7 dpi. The lungs were lavaged with 1ml of PBS instilled twice into the 

lungs and then perfused with 10 ml of PBS injected directly into the right ventricle of the heart. 

Alternatively, some whole lungs were homogenized without lavage or perfusion, where noted. 

Lungs were harvested into 1 ml of PBS and homogenized in a bead mill homogenizer (Qiagen 
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Tissue Lyser II) at 25 hz for 2-4 min. The homogenate was centrifuged at 500 x g for 5 min, and 

the pre-cleared homogenate was: (1) directly aliquoted for viral titer assessment with the titration 

protocol described previously315, (2) lysed in TRK tissue lysis buffer (E.Z.N.A Omega Bio-Tek) 

for analysis of gene expression or (3) further centrifuged at 5000 x g for 5 min to clarify the 

homogenate for cytokine analysis by ELISA. For gene expression analysis, RNA was extracted, 

converted to cDNA using a High Capacity RNA-to-cDNA kit (Thermo Fisher) and assessed for 

gene expression. Sensifast Probe Hi-ROX kit (BIO-82020 Bioline) and the following probes 

(Applied Biosystems) were used: IFN-β1 (Mm00439552), IFN-γ (Mm0116813), IFN-λ3 

(Mm00663660), IFITM3 (Mm00847057), IL-6 (Mm00446190), IL-1β (Mm00434228), ISG15 

(Mm01705338), CCL2 (Mm00441242), CXCL1 (Mm04207460), TNFSF10 (Mm01283606), 

NOS2 (Mm00440502), MPO (Mm01298424) and SOCS1 (Mm01342740). The qPCR was run on 

StepOne Plus instrument (Applied Biosystems) and gene expression performed using the ΔΔCT 

method as describe previously315 relative to an internal actin control and normalized to the WT 

samples set to a value of 1. Cytokine quantitation was performed using a Mouse Inflammation 

Cytometric Bead Array (CBA, analytes IL-6, IFN-γ, MCP-1, TNF, IL-10 and IL-12p70, Becton 

Dickenson), Mouse ProcartaPlex (analytes IL-1β, IL-28, GM-CSF, Invitrogen), Standard murine 

ABTS ELISA Development kit (CXCL1, IFN-, IL-6, CCL2 and IL-1β, Peprotech) and LumiKine 

Xpress kits (IFN-β, Invivogen).  

 

Cellular Analysis 

At 4 and 7 dpi, the following protocol was used to assess lung cellular composition. After the 

Bronchoalveolar Lavage Fluid (BALF) harvesting and lung perfusion as noted above, the lungs 

were harvested, minced with razor blades and incubated in EDTA solution315 for 1 hour at 370C 
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with shaking at 250 RPM. Post centrifugation, the tissue was further digested in collagenase 

solution315 for 30 min at 37°C in a shaking incubator at 350 RPM. The digested tissue was passed 

through a 70 µm cell strainer, and cells were centrifuged at 350 x g for 10 min, resuspended in 

44% Percoll (GE Healthcare) and layered on top of 67% Percoll. After density gradient 

centrifugation at 900 x g for 20 min (without brake), the cells were recovered from the interface, 

washed and counted for staining as detailed previously315.     

Cells were stained at 4°C for 20 min with fluorescently labeled antibodies against the following 

cell surface markers: Siglec F, CD11b, CD11c, Ly6C, Ly6G, CD45.2 (Stain 1); TCRαβ, TCRγδ, 

CD4, CD8, DX5, CD45.2 (Stain 2). The cells were fixed with 1% formalin and analyzed on the 

LSR II flow cytometer (BD Biosciences). CD45.2-gated hematopoietic-derived leukocyte 

populations were characterized as follows: inflammatory monocytes (IM; Siglec F- CD11bhigh, 

CD11clow Ly6C+), neutrophils (Siglec F- CD11bhigh, CD11clow Ly6G+), alveolar macrophages 

(AM; Siglec Fhigh CD11bint), eosinophils (Siglec Fhigh CD11bhigh), NK cells (αβ TCR- DX5+), CD4 

T cells (αβ TCR+ CD4+), CD8 T cells (αβ TCR+ CD8+), and γδ T cells (αβ TCR- γδ TCR+).  

 

Cellular Sort for Gene Expression Analysis 

At 7 dpi, lungs from all four genotypes of mice were harvested, digested and single cell 

suspensions were generated as described above. Cells were stained with Stain 1 above, and 

inflammatory monocytes, neutrophils and alveolar macrophages were isolated by fluorescence-

activated cell sorting (FACS) using the same gating strategy on a MoFlo Astrios (BD Biosciences). 

Sorted populations of cells were lysed in TRK lysis buffer, RNA was extracted and converted into 

cDNA. Gene expression was quantified as described above with the results expressed relative to 

the actin internal control and the WT sample for each cell type set to 1 using the ΔΔCT method. 
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Alternatively, to facilitate comparisons across cell types, gene expression was also calculated 

relative to the actin internal control and the WT alveolar macrophages (AM) as the baseline.  

 

Therapeutic Antibody Interventions to Treat Influenza   

Age-matched, 6- to 8-week-old, WT, Tpl2-/-, IFNAR1-/- and IFNAR1-/-Tpl2-/- mice were infected 

intranasally with 104 pfu of x31 mouse-adapted influenza virus. On days 5 and 7 post infection, 

the mice were administered intraperitoneally (i.p.) either 200 µg isotype control antibody (clone 

2A3#BE0089, BioXCell), 200 µg anti-Ly6G antibody (clone 1A8 #BE0075-1, BioXCell) or 2.5 

µg anti-IFN-λ antibody (clone 244716 #MAB17892, R&D Systems). Mice were weighed and 

scored for clinical symptoms throughout the course of infection and treatment.  

 

Statistical Analysis 

P values were calculated with GraphPad PRISM software version 9.2.0(332) using One-way 

ANOVA with Tukey’s multiple comparisons test. Data represent means ± SEM. Survival data are 

graphed as Kaplan-Meier plots using GraphPad PRISM software, and p values were determined 

by Mantel-Cox test. Differences were considered statistically significant if p ≤ 0.05. 

 

 

RESULTS  

Tpl2-deficient mice display increased disease severity to influenza, independent of T1 IFN 

signaling 

In order to assess the contribution of T1 IFN signaling to severe disease in influenza-infected Tpl2-

/- mice, Tpl2-/- mice were intercrossed with IFNAR1-/- mice to generate IFNAR1-/-Tpl2-/- mice. WT, 
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Tpl2-/-, IFNAR1-/- and IFNAR1-/-Tpl2-/- mice were infected with 104 pfu influenza A virus strain x-

31 (IAV x31; H3N2), and their weight loss, clinical symptoms and survival were monitored over 

the course of disease (Fig 3.1A-C). Clinical symptoms are plotted only through day 9 when peak 

morbidity and mortality occurred, because loss of the severely ill mice subsequently biased the 

average clinical scores (Fig 3.1C). Similar to what we observed previously315, WT mice displayed 

transient weight loss and mild clinical symptoms at 7 dpi and recovered by 9 dpi. In contrast, Tpl2-

/- mice showed significantly greater weight loss and more severe clinical symptoms compared to 

WT mice between 7 and 9 dpi, at which time approximately 60% of Tpl2-/- mice met the humane 

endpoints of the study (Figure 3.1A-C). IFNAR-/-/Tpl2-/- mice showed similarly poor outcomes to 

influenza infection as Tpl2-/- mice in terms of weight loss, clinical symptoms and had modest 

increase in mortality by difference of 1 day for median survival compared to Tpl2-/- mice (Figure 

3.1C). Notably, IFNAR-/- mice showed trending differences in mortality compared to the IFNAR-/-

Tpl2-/- mice, with significantly less weight loss and clinical scores compared to both IFNAR1-/-

Tpl2-/- and Tpl2-/-mice at 9 dpi (Figure 3.1A-B). IFNAR1-/- mice that survived beyond 7 dpi, 

recovered their weights similar to WT mice (Figure 3.1A). These data demonstrate that interferon 

signaling blockade is insufficient to reverse the morbidity and mortality in influenza-infected Tpl2-

/- mice. 

When we assessed each sex separately to evaluate sex as a biological variable, we found that both 

males and females of either genotype showed the same trends, with higher weight loss and clinical 

scores for the Tpl2-/-and IFNAR1-/-/Tpl2-/- mice during the later stages of infection. However, we 

did note slightly more points of significance in the female weight loss and clinical comparison 

(Supplementary Figure 3.8 A-D).  
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Increased inflammatory monocyte recruitment to lungs of influenza-infected Tpl2-/- mice is 

dependent on type I IFN signaling. 

To gain insight into the contribution of T1 IFN signaling to cellular recruitment, we first assessed 

monocyte recruitment in all four strains of mice. Consistent with our previous study315, we 

observed excessive influx of monocytes to the lungs of Tpl2-/- mice, and this phenotype was 

reversed in both IFNAR1-/- strains(Figure 3.2A), demonstrating that increased T1 IFN signaling in 

influenza-infected Tpl2-/- mice is responsible for the increased monocyte recruitment to the lungs. 

Cytokine and gene expression profiling surprisingly showed that IFN- protein and mRNA levels 

were highest in the lungs of IFNAR1-/-Tpl2-/- (Figure 3.2B, D). However, analysis of the IFN-

inducible chemokine CCL2 (MCP-1) showed the highest protein and mRNA levels in lungs of 

Tpl2-/- mice (Figure 3.2C, E). Likewise, mRNA expression of ISGs including ISG15, IFITM3 as 

well as the inducible negative regulator of T1 IFN signaling, SOCS1, are all overexpressed only 

in Tpl2-/- mice at 7 dpi (Figure 3.2F-H), reflecting the inability of the IFNAR1-/- strains to transduce 

T1 IFN signals. These data demonstrate that blockade of T1 IFN signaling prevents the excessive 

monocyte recruitment seen within Tpl2-/- mice. Therefore, it was unclear why the IFNAR1-/-Tpl2-

/- mice remained severely ill. We also assessed viral titers in the various strains, because T1 IFN 

signaling is known to mediate viral control. Consistent with our previous study222, viral titers were 

modestly increased in Tpl2-/- mice compared to WT mice at 7 dpi (Supplementary Figure 3.9A). 

Importantly, viral titers were only increased in the IFNAR1-/- background if Tpl2 was also ablated, 

demonstrating that viral loads were higher in the absence of Tpl2, irrespective of IFNAR signaling 

(Supplementary Figure 3.9A-C) The only difference noted here was that of the viral titers 

upregulated in the intact lungs(Supplementary Figure 3.9A), the tissue had the predominant viral 
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load in the IFNAR1-/-Tpl2-/- mice(Supplementary Figure 3.9B) whereas the BALF contained the 

excessive viral load of the Tpl2-/- mice( Supplementary Figure 3.9C) 

 

IFNAR1-/-Tpl2-/- mice display increased neutrophil recruitment at 7 dpi accompanied by 

overexpression of CXCL1 and IFN-λ 

Cellular profiling revealed that the only other cell type that was differentially recruited to the lungs 

of these mouse strains was neutrophils (Supplementary Figure 3.10A-D), with the highest 

recruitment seen in the IFNAR1-/-Tpl2-/- mice at 7 dpi (Figure 3.3A). Along with this enhanced 

influx of neutrophils, we observe increased expression of cytokines and chemokines previously 

implicated in neutrophil recruitment99,121,257,298,316,317, including IFN-γ, IL-6, IL-1β, and G-CSF in 

both IFNAR1-/- and IFNAR1-/-Tpl2-/- mice (Figure 3.3B-E), with similar trends noted at the mRNA 

level (Supplemental Figure 3.11A-F). Notably, IFN-λ was the only cytokine upregulated solely in 

the IFNAR1-/-Tpl2-/- mice (Figure 3.3F). Although we did not see any differences in protein 

expression of the chemokine CXCL1 in the perfused and lavaged lungs of infected mice (Figure 

3G), it was solely upregulated by mRNA expression in the IFNAR1-/-Tpl2-/- mice at 7 dpi 

(Supplemental Figure 3.11F). Since CXCL1 has previously been reported to recruit neutrophils in 

the absence of interferon signaling during influenza infection100, we also examined protein 

expression in intact lungs (without lavage or perfusion) and noted that the expression of CXCL1 

is significantly upregulated solely in the lungs of IFNAR1-/-Tpl2-/-  mice (Figure 3.3H), with no 

alterations noted for IFN-, IL-6 or CCL2 (Figure 3.3I-K).  
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Neutrophils are excessively recruited to the lungs of IFNAR1-/- mouse strains as early as 4 dpi 

via upregulation of CXCL1 expression in the absence of T1 IFN signaling 

At 7 dpi, we have observed the overexpression of IFN-λ and CXCL1 along with enhanced 

pulmonary recruitment of neutrophils, which are normally involved in the early response to 

influenza infection318,319. In order to distinguish whether this recruitment was altered only by 7 dpi 

or if it occurred earlier, during innate immune response, and persisted through day 7 post infection, 

we examined the cellular recruitment profile of the lungs at 4 dpi. Inflammatory monocytes were 

not differentially recruited to the lungs at 4 dpi (Figure 3.4A). By contrast, neutrophils were 

excessively recruited in both IFNAR1-/- and IFNAR1-/-Tpl2-/- mice by 4 dpi (Figure 3.4B). 

Examination of the cytokine profile of whole lung homogenates, showed that CXCL1 expression 

was significantly upregulated at 4 dpi in the IFNAR1-/-Tpl2-/- mice (Figure 3.4C), with no 

significant changes noted in the other neutrophil-recruiting cytokines (IFN-, IL-6, IFN-λ, GCS-

3); assessed at the protein level (Figure 3.4D-F) or by transcriptional expression (Figure 3.4G-H). 

Notably, a significant decrease in the expression of the monocyte-recruiting chemokine, CCL2, 

was noted in both IFNAR1-/- strains compared to Tpl2-/- mice, corresponding to the block in 

inflammatory monocyte recruitment in those strains (Figure 3.4F). However, IFN-β expression 

was upregulated in the Tpl2-/- mice at 4 dpi compared to all other strains (Figure 3.4I). 

Consequently, increased expression of the type I IFN-inducible chemokine CCL2 (MCP-1) was 

also observed in Tpl2-/- compared to both IFNAR1-/- and IFNAR1-/-Tpl2-/- strains, confirming an 

active IFN-β-CCL2 pathway at 4 dpi (Figure 3.4I, J). Collectively, these data suggest that the 

excessive neutrophil recruitment observed in both IFNAR1-/- and IFNAR1-/-Tpl2-/- mice at 4 dpi is 

triggered by the induction of CXCL1 in the absence of active T1 IFN signaling.  
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NOS2 is overexpressed in IFNAR1-/-Tpl2-/- mice, with inflammatory monocytes and neutrophils 

redundantly contributing to expression 

To gain insight into potential drivers of morbidity in influenza-infected Tpl2-/- and IFNAR1-/-Tpl2-

/- mice, we examined the lung expression levels of NOS2, MPO and TRAIL as previously 

examined in Tpl2-/- mice315 (Figure 3.5A-C). Nitric oxide is expressed in lungs of humans320,321, 

mice137,283 and even chicken322 on infection with highly pathogenic influenza viruses. Hence on 

observing that NOS2 expression was upregulated in both the IFNAR1-/- and IFNAR1-/-Tpl2-/- mouse 

strains that are characterized by excessive neutrophil recruitment, suggested that the neutrophils 

may contribute to severe pathology in IFNAR1-/-Tpl2-/-mice via their NOS2 expression (Figure 

3.5B). However, because both monocytes and neutrophils have been shown to express 

NOS2101,283,323,324, we next examined sorted populations of innate immune cell types to determine 

both the source of the pro-inflammatory mediators as well as the identity of any other Tpl2- or T1 

IFN-regulated inflammatory mediators expressed within each population, focusing on cytokines 

and chemokines known to be involved in monocyte and neutrophil recruitment. All four strains of 

mice were infected with x31 for 7 days, and innate immune cell populations, including alveolar 

macrophages, neutrophils and inflammatory monocytes, were isolated from digested lungs by 

fluorescence-activated cell sorting for analysis of gene expression. Gene expression was first 

normalized to the WT genotype within each cell type, so that a fold-change attributed to genotype 

could be determined. Compared to the other genotype, CCL2 has a higher fold expression in Tpl2-

/- monocytes as well as neutrophils, with no differential expression noted in alveolar macrophages 

(Figure 3.5D, H, L). This expression is consistent with the increased CCL2 expression observed 

in lungs of Tpl2-/- mice (Figure 3.2C, E). There were no differences in the expression fold-change 

of the neutrophil-recruiting chemokine CXCL1 across genotypes all three cell types examined 
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(Figure 3.5E, I, M). Both the alveolar macrophages and inflammatory monocytes from the 

IFNAR1-/-Tpl2-/- mice expressed higher fold-change levels of IL-1 than those from Tpl2-/- mice 

(Figure 3.5F, J, N). No differences were noted across genotypes for the inflammatory mediator 

NOS2 in either alveolar macrophages or neutrophils (Figure 3.5G, K). However, IFNAR1-/- and 

IFNAR1-/-Tpl2-/- inflammatory monocytes expressed a higher fold-change of NOS2 expression 

compared to WT or Tpl2-/- inflammatory monocytes (Figure 3.5O). Collectively, these data show 

an overexpression of CCL2 in within the Tpl2-/- genotype of both inflammatory monocytes and 

neutrophils, whereas the induction of IL-1 and NOS2 were more pronounced in IFNAR1-/-Tpl2-/- 

mice in inflammatory monocytes (and alveolar macrophages for IL-1). 

When the relative expression is computed with the WT alveolar macrophages as the baseline set 

to 1 to allow comparison across all cell types, there is a relatively even contribution of the different 

cell types to the overall CCL2 expression. We note increased CCL2 expression noted in Tpl2-/- 

neutrophils and a trending increase in the Tpl2-/-inflammatory monocytes (Supplementary Figure 

3.12A). Alveolar macrophages contribute slightly more to the lung CXCL1 expression 

(Supplementary Figure 3.12B). Surprisingly, neutrophils express significantly more IL-1 than 

either alveolar macrophages or inflammatory monocytes, particularly in the WT and Tpl2-/- strains 

(Supplementary Figure 3.12C). Notably, NOS expression, appears to be equally derived from both 

neutrophils and inflammatory monocytes, with neither playing a predominant role (Supplementary 

Figure 3.12D). Collectively, these data do not implicate a single cell type in the expression of the 

prominent pro-inflammatory mediator, NOS2, but rather suggest that monocytes and neutrophils 

exhibit overlapping and redundant expression of NOS2.  
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Neutrophil depletion reduced disease severity for IFNAR1-/-Tpl2-/- compared to Tpl2-/- mice and 

anti-IFN- treatment increased survival of influenza-infected Tpl2-/- mice. 

Because neutrophil recruitment to the lungs was dramatically increased in IFNAR1-/-Tpl2-/- mice 

compared to Tpl2-/- mice and neutrophils contributed to the expression of NOS2, we hypothesized 

that a switch from monocyte to neutrophil recruitment induced by IFNAR1 ablation could underlie 

the severe phenotype (rather than a rescue) of influenza-infected IFNAR1-/-Tpl2-/- mice. Therefore, 

we tested whether preventing the excessive neutrophil accumulation using the neutrophil-depleting 

anti-Ly6G antibody administered intraperitoneally would ameliorate severe disease in the 

IFNAR1-/-Tpl2-/- mice. Treatment at 5 and 7 dpi were selected based on the dysregulated cytokine 

profile and increased morbidity specifically observed in IFNAR1-/-Tpl2-/- mice beginning at 7 dpi 

(Figure 3.1C, 3.3H), and reasoned that treatment 2 days prior, at 5 dpi may be sufficient to alter 

the disease outcome. This approach led to an increase in median survival time of IFNAR1-/-Tpl2-/- 

by 2.5 days compared to isotype control treatment in the same genotype (Figure 3.6E). IFNAR1-/-

Tpl2-/- exhibited more variable weight loss (Figure 3.6D) and lower clinical scores compared to 

Tpl2-/- mice receiving the same treatment (Figure 3.6F) However on comparison with any other 

antibody treatment in the same group, Ly6G treatment on IFNAR1-/-Tpl2-/- showed the best clinical 

response (Figure 3.6C, F, I). While a modest improvement, Ly6G treatment was not able to 

significantly reverse the mortality (Figure 3.6E). So, we then examined the effect of anti-IFN-λ 

treatment in the hyperimmune response observed in the IFNAR1-/-Tpl2-/- mice with the same 

treatment days. While the IFNAR1-/-Tpl2-/- mice do not show an improvement with the IFN-λ 

treatment, the Tpl2-/- mice have reduced weight loss, better clinical scores and improved survival, 

similar to WT and IFNAR1-/-mice (Figure 3.6G-I) even compared to the isotype control treated 
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Tpl2-/-mice (Figure 3.6A-C). This suggests that IFN-λ has a detrimental effect in Tpl2-/- infected 

mice beyond day 5 post infection.  

 

DISCUSSION  

In a previous study of Tpl2-/- mice infected with Mycobacterium tuberculosis, the authors observed 

overexpression of IFN-β similar to what we have previously reported in influenza-infected Tpl2-/- 

mice228. During M. tuberculosis infection, T1 IFNs are known to impair bacterial control325. This 

axis was further assessed in IFNAR1-/-Tpl2-/-mice, which resulted in efficient bacterial control 

despite the absence of Tpl2 when T1 IFN signaling is also blocked228. Therefore, our initial 

hypothesis was that IFNAR1-/-Tpl2-/- mice would show better outcomes than the Tpl2-/- mice in the 

absence of the excessive T1 IFN seen in Tpl2-/-, as in the case M. tuberculosis infection.  

Using IFNAR1-/-Tpl2-/-, mice we addressed genetically whether increased T1 IFN expression 

exacerbated disease in Tpl2-/- mice by enhancing the recruitment of inflammatory monocytes and 

neutrophils. Unexpectedly, IFNAR1-/-Tpl2-/- mice experienced similar, or even more severe disease 

with faster progression to morbidity, than Tpl2-/- mice. Importantly, the increased disease severity 

could not simply be attributed to loss of viral control in the absence of T1 IFN signaling, as there 

was no difference between the viral load in WT and IFNAR1-/- mice. Follow-up cellular studies 

demonstrated that while recruitment of inflammatory monocytes was reversed in IFNAR1-/-Tpl2-/- 

mice, a switch from primarily monocytic to neutrophilic pulmonary infiltration occurred in 

IFNAR1-/-Tpl2-/- mice. This switch was triggered by the absence of early interferon signaling (at 4 

dpi), leading to higher protein levels of the neutrophil-recruiting chemokine CXCL1100. 

Furthermore, by 7 dpi, increased IFN-γ, IL-6, IL-1β, G-CSF and IFN-λ were observed in the lung 
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tissue, with IFN-λ (and CXCL1) being upregulated only in the absence of both Tpl2 and T1 IFN 

signaling (Figure 3.7).  

While upregulation of IFN-γ, IL-6, IL-1β and G-CSF are observed in IFNAR1-/- mice at 7 dpi, 

IFNAR1-/- mice maintain a higher survival rate, reduced weight loss and clinical scores compared 

to IFNAR1-/-Tpl2-/- mice. Despite the excessive neutrophil recruitment induced by the absence of 

T1 IFN signaling in both IFNAR1-/- and IFNAR1-/-Tpl2-/- mice at 4 dpi, by 7 dpi it is highest in the 

IFNAR1-/-Tpl2-/- mice, along with CXCL1 expression. This suggests that other Tpl2-dependent and 

IFNAR1-independent cytokines may also play vital roles in the morbidity observed at later stages 

in Tpl2-/- and IFNAR1-/-Tpl2-/- mice. Conversely, the consequence of the upregulated cytokines at 

7 dpi and early influx of neutrophils could be what drives the 40% mortality observed in the 

IFNAR1-/- strains. Hence, it hard to pinpoint a clear role for these IFN independent inflammation 

seen in the IFNAR1-/- mice.  

One aspect of inflammation that this study highlights is the role of overactive IFN signaling in 

Tpl2-/- mice that promotes inflammatory monocyte recruitment directly via the IFN-/CCL2 axis. 

The upregulation of IFN- at both the protein and mRNA levels in the IFNAR1-/- strains (Figure 

2B, D) may initially appear paradoxical. However, unlike other IFN-αs and ISGs, IFN-β does not 

require feedback through the IFNAR1 for its expression313,326,327. Accordingly, none of the other 

ISGs were upregulated in the absence of IFNAR1, confirming that T1 IFN signaling was abrogated 

in the IFNAR1-/- strains. Moreover, similar to our previous study wherein IFN-β was overexpressed 

in Tpl2-/- mice at 7 dpi315, IFN-β is also upregulated in IFNAR1-/-Tpl2-/- mice compared to IFNAR1-

/- mice, further confirming that Tpl2 negatively regulates IFN-β production during influenza 

infection.   
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CXCL1 has been shown to be upregulated and to stimulate neutrophil recruitment in the absence 

of IFNAR signaling during influenza infection100. However, due to the multitude of cytokines 

expressed in the absence of T1 IFN signaling and CXCL1 expression at 7dpi being upregulated 

only in the IFNAR1-/-Tpl2-/- mice, increased CXCL1 expression could be an indirect by-product of 

regulation by IFN-γ, IL-6, IL-1β G-CSF or IFN-λ 99,109,257,316,317. To address this possibility, we 

examined the lung cytokine profile at 4 dpi, with an emphasis on whole lungs without lavage or 

perfusion, the conditions under which CXCL1 over-expression was noted in IFNAR1-/-Tpl2-/- mice 

at 7 dpi. At this time point, CXCL1 was only over-expressed in the absence of T1 IFN signaling 

in IFNAR1-/- strains. Notably, overexpression of CXCL1, but none of the other neutrophil-

recruiting cytokines under consideration at 4 dpi, led us to conclude that increased CXCL1 is the 

initial driving force for enhanced neutrophil recruitment in IFNAR1-/-Tpl2-/- mice. However, at 

7dpi, considering that there is over-expression of IFN signaling in the absence of Tpl2, it could 

lead to further suppression of the CXCL1 expression at 7dpi. This hypothesis explains why 

IFNAR1-/-Tpl2-/- mice have an upregulation in CXCL1 at 7dpi exclusively in this strain.  

Interferon λ is the only cytokine that is solely upregulated in the IFNAR1-/-Tpl2-/- mice. Primarily 

known for being one of the early response cytokines319, it is interesting that IFN-λ was upregulated 

in the late stages of acute influenza infection, similar to IFN-β. Along with T1 IFNs, IFN-λ 

expression has been shown to be involved in viral control, especially in reducing the spread of 

virus from upper respiratory tract to the lungs and transmission to a naïve host110,111. Indeed, IFN-

λ expression has been shown to promote optimal antiviral responses from neutrophils, prevent 

excessive inflammation and induce better viral control from the epithelium during influenza 

infection109. In another study, overexpression of IFN-λ induced higher proliferation of mature NK 

cells in spleen, lung and lymph nodes that were better able to defend against lethal influenza 
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infection328. Although T1 IFNs and IFN-λ share an overlapping infection-induced transcriptional 

signature329, IFN-λ appears to have more anti-inflammatory functions. In a previous study by our 

lab we observed downregulated levels of IFN-λ in both bronchoalveolar lavage fluid and lung 

homogenates in the absence of Tpl2 at 3 dpi, irrespective of T1 IFN signaling222. IFN- expression 

was also downregulated in Tpl2-/- pDCs, which are early contributors of IFN-λ. This could 

contribute to the dysregulation of viral control seen from the very early stages in Tpl2-/- strains222, 

as other studies have shown the importance of IFN-λ expression in early viral control109,111. In the 

current study, there is no significant difference in the transcriptional expression of IFN- across 

all strains, suggesting normalizing of the IFN- response by this time point. 

 Notably, recent studies have highlighted a new role pro-inflammatory role for IFN-λ in later stages 

of influenza infection via inhibition of lung tissue repair198.  Therefore, it is possible that late-stage 

expression of IFN-λ contributes to the excessive morbidity and mortality observed in IFNAR1-/-

Tpl2-/- mice, by preventing lung tissue repair, although we did not see any effect of the blocking 

of IFN-λ treatment in the IFNAR1-/-Tpl2-/- mice to support this idea. It is interesting to note, 

however, that this treatment did reduce clinical symptoms and increase survival in Tpl2-/- mice. 

Thus, there could be a role for interferon λ in promoting morbidity in Tpl2-/- mice in conjunction 

with interferon signaling.  

In order to examine the cellular source of the various inflammatory proteins examined here, 

alveolar macrophages, neutrophils and inflammatory monocytes were selected. While 

inflammatory monocytes and neutrophils selection was based on their higher recruitment numbers, 

alveolar macrophages were considered as they are radio-resistant sources of cytokines (as 

mentioned in the previous study)315 and are potent producers of T1 IFN during influenza 

infection330. While CCL2 expression is upregulated in both Tpl2-/- inflammatory monocytes and 
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neutrophils; NOS2 is upregulated in the IFNAR1-/- inflammatory monocytes despite their lower 

recruitment numbers. Both these results suggest that neutrophils and inflammatory monocytes 

might share a plurality of function, especially when the lack Tpl2 or T1 IFN. This is also seen in 

other studies involving IFNAR1-/- mice, wherein in the absence of IFNAR1-/- signaling, multiple 

mononuclear subsets (of Ly6Chi and Ly6Clo monocytes) subsets expressed higher levels of 

NOS299. Furthermore it also could explain why in the absence of IFNAR signaling the recruitment 

switches form monocytes to neutrophils99,100, in order to ensure that the cells of the system that 

respond to the infection are able to clear virus equally. In the case of only Tpl2 ablation, while 

sensing of the over-active IFN signaling in the Tpl2-/- mice leads to SOCS1 activation and 

concomitant dampening of the immune response (albeit inefficient)315, granting the mice slower 

morbidity. In comparison in the IFNAR1-/-Tpl2-/- mice, the lack of interferon signaling mediates 

the neutrophil recruitment from 4dpi (with increment at 7dpi), exacerbates IFN-λ that was kept in 

check (in the presence of T1 IFN) and has no active cytokine regulator to dampen the signal, the 

combined effect explains the earlier mortality in the mice at 7-8 dpi. Hence when we consider the 

effect that Ly6G treatment had wherein it allowed for slower morbidity in the IFNAR1-/-Tpl2-/- 

mice compared to Isotype or IFN-λ treatment but was unable to constructively reduce the damage 

in these mice and thereby prevent death. Additionally, when we consider the redundancy in 

function of the monocytes and neutrophils, in the IFNAR1-/-Tpl2-/- mice, the lower numbers of 

higher NOS2 expressing monocytes could also be major contributors for NOS2. In this case the 

depletion of the neutrophils using the Ly6G antibody, could have also not prevented morbidity.  

IL-1 has been implicated in neutrophil recruitment316 and was therefore also examined. 

Unexpectedly, IL-1β was significantly overexpressed in influenza-infected IFNAR1-/-Tpl2-/- mice. 

This was unexpected, because IL-1 expression was not observed in influenza-infected Tpl2-/- 
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mice at 7 dpi in our previous study315. Furthermore, IL-1 expression has been shown to be Tpl2-

dependent in vitro in LPS-stimulated macrophages and in vivo in response to Listeria 

monocytogenes infection227. IL-1 overexpression in IFNAR1-/-Tpl2-/- mice in the current study 

suggests that T1 IFN overexpression in Tpl2-/- mice may normally suppress IL-1 expression.  

Overall, this study highlights the complex network of regulation of cytokines, chemokines and 

cellular recruitment under the control of Tpl2. Prominent among these is the negative regulation 

of the T1 IFNs, which in turn positively and negatively regulate CCL2 and CXCL1 expression, 

respectively. This dichotomy leads to a T1 IFN-induced switch from the pathologic increase in 

pulmonary recruitment of inflammatory monocytes in Tpl2-/- mice to neutrophils in IFNAR1-/-Tpl2-

/- mice. Inflammation is likely further exacerbated by dysregulated IFN- as noted above. Future 

studies will aim to apply this information towards preventing severe influenza cases by examining 

Tpl2-regulated pathways as potential predictors of potentially severe influenza progression and 

using influenza-infected Tpl2-/- mice as a preclinical model to test for intervention strategies.  
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Figure 3.1: Enhanced susceptibility of Tpl2-/- mice to influenza infection is independent of T1 

IFN signaling. (A) Percent weight change and (B) progression of clinical symptoms of WT 

(n=22), Tpl2-/- (n=29), IFNAR1-/- (n=40) and IFNAR1-/-Tpl2-/- (n=28) mice infected with 104 pfu 

influenza A virus strain x31 through 14 dpi. Data are representative of 5 experiments. One-way 

ANOVA with Tukey’s multiple comparison test was performed for each day post infection, with 

p<0.05 considered statistically significant. Symbols denote significant differences among groups 

as noted. (C) Survival curve for 14 dpi. Data are representative of 5 experiments. Significance 

determined with Log-rank Mantel-cox test; *p<0.05, **p<0.01 ***p< 0.001 and ****p<0.0001. 

Group averages of combined male and female mice are shown.  
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Figure 3.2. Enhanced recruitment of inflammatory monocytes and induction of interferon 

stimulated genes (ISGs) in influenza-infected Tpl2-/- mice is dependent on IFNAR1 signaling 

at 7 dpi. (A) WT (n=20), Tpl2-/ - (n=14), IFNAR1-/- (n=15) and IFNAR1-/-/ Tpl2-/ - (n=14) mice 

were infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. The lungs were 

lavaged, perfused with PBS, digested with collagenase, and interstitial leukocytes were enriched 

by Percoll density gradient centrifugation. Inflammatory monocytes (Siglec F-, CD11bhigh, 

CD11clow, Ly6C+) at 7 dpi in the tissue of infected mice are shown. Data are representative of 3 

experiments. Males are represented as squares and females as circles. One way ANOVA with 
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Tukey’s multiple comparison test was performed with *p<0.05, **p<0.01 and ***p<0.001. WT 

(n=22), Tpl2-/ - (n=13), IFNAR1-/- (n=19) and IFNAR1-/-/ Tpl2-/ - (n=21) mice were infected 

intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. The lungs were homogenized 

(perfused & lavaged prior to extraction) for analysis of cytokine protein levels for (B) IFN-β and 

(C) CCL2. Furthermore, the same homogenate was also used for RNA was extraction and 

analysis of gene expression by real-time PCR for (D) IFN-β and (E-H) IFN-stimulated genes 

(ISGs). Squares represent male mice, and circles represent female mice. Data are representative 

of 2 experiments. One way ANOVA with Tukey’s multiple comparison test was performed with 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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Figure 3.3. IFNAR1-/-Tpl2-/- mice show the highest recruitment of neutrophils and unique 

overexpression of IFN-λ and CXCL1 at 7 dpi. (A) WT (n=20), Tpl2-/- (n=14), IFNAR1-/- (n=15) 

and IFNAR1-/-Tpl2-/- (n=14) mice were infected intranasally with 104 pfu of influenza x31 and 
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euthanized at 7 dpi. The lungs were lavaged, perfused with PBS, digested with collagenase, and 

interstitial leukocytes were enriched by Percoll density gradient centrifugation. Neutrophils 

(Siglec F- CD11bhigh CD11clow Ly6G+) in the tissue of infected mice at 7 dpi are shown. Data are 

representative of 3 experiments. Males are represented as squares, and females are represented as 

circles. One way ANOVA with Tukey’s multiple comparison test was performed with *p<0.05, 

**p<0.01 and ***p<0.001. WT (n=22), Tpl2-/- (n=13), IFNAR1-/- (n=19) and IFNAR1-/-Tpl2-/- 

(n=21) mice were infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. The 

lungs were perfused lavaged prior to extraction and then homogenized for analysis of cytokine 

expression for (B) IFN-γ, (C) IL-6, (D) IL-1β, (E) G-CSF (F) IFN-λ and (G) CXCL1. Squares 

represent male mice, and circles represent female mice. Data are representative of 2 experiments. 

One way ANOVA with Tukey’s multiple comparison test was performed with *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. WT (n=17), Tpl2-/- (n=16), IFNAR1-/- (n=21) and IFNAR1-/-Tpl2-

/- (n=13) mice were infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. 

Whole lungs (without perfusion or lavage) were homogenized for analysis of cytokine expression 

for (H) CXCL1, (I) IFN-γ, (J) IL-6 and (K) CCL2. Squares represent male mice, and circles 

represent female mice. Data are representative of 2 experiments. One way ANOVA with Tukey’s 

multiple comparison test was performed with *p<0.05 and **p<0.01. 
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Figure 3.4. Neutrophils are excessively recruited to the lungs of IFNAR1-/- mouse strains at 

4 dpi with upregulation of CXCL1 expression in the absence of T1 IFN signaling. WT (n=17), 
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Tpl2-/- (n=9), IFNAR1-/- (n=8) and IFNAR1-/-Tpl2-/- (n=17) mice were infected intranasally with 104 

pfu of influenza x31 and euthanized at 4 dpi, along with uninfected controls. The lungs were 

lavaged, perfused with PBS, digested with collagenase, and interstitial leukocytes were enriched 

by Percoll density gradient centrifugation. (A) Inflammatory monocytes and (B) neutrophils were 

examined at 4 dpi along with uninfected controls. Data are representative of 3 experiments. Males 

are represented as squares, and females are represented as circles. One-way ANOVA with Tukey’s 

multiple comparison test was performed. *p<0.05, **p<0.01 and ***p<0.001. WT (n=10), Tpl2-/- 

(n=8), IFNAR1-/- (n=10) and IFNAR1-/-Tpl2-/- (n=11) mice were infected intranasally with 104 pfu 

of influenza x31 and euthanized at 4 dpi with uninfected controls. The intact lungs were 

homogenized for analysis of cytokine expression for (C) CXCL1, (D) IFN-γ, (E) IL-6 and (F) 

CCL2. Furthermore, the same homogenate was also used for RNA was extraction and analysis of 

gene expression by real-time PCR of (G) IFN-λ, (H) G-CSF (I) IFN-β and (J) CCL2. Squares 

represent male mice, and circles represent female mice. Data are representative of 2 experiments. 

One way ANOVA with Tukey’s multiple comparison test was performed with *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. 
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Figure 3.5. NOS2 is overexpressed in the lungs in IFNAR1-/-Tpl2-/- mice, with neutrophils and 

inflammatory monocytes redundantly contributing to expression. WT (n=22), Tpl2-/- (n=13), 

IFNAR1-/- (n=19) and IFNAR1-/-Tpl2-/- (n=21) mice were infected intranasally with 104 pfu of 

influenza x31 and euthanized at 7 dpi. The lungs were homogenized for RNA extraction and 

analysis of gene expression by real-time PCR for (A) MPO, (B) NOS2 and (C) TNFSF10. Squares 

represent male mice, and circles represent female mice. Data are representative of 2 experiments. 

One way ANOVA with Tukey’s multiple comparison test was performed with *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001. WT (n=8), Tpl2-/- (n=9), IFNAR1-/- (n=6) and IFNAR1-/-Tpl2-/- 

(n=6) mice were infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. Their 

lungs were digested with collagenase, and leukocytes were sorted as (D-G) alveolar macrophages 

(AM; Siglec Fhigh CD11bint), (H-K) neutrophils (Neut; Siglec F- CD11bhigh CD11clow Ly6G+) and 

(L-O) inflammatory monocytes (IM; Siglec F- CD11bhigh CD11clow Ly6C+). Gene expression was 

analyzed by qPCR and data were normalized for each cell type relative to the actin endogenous 

control and the WT strain for a given cell type as baseline, which was designated a value of 1. Data 

are representative of 3 experiments. One-way ANOVA with Tukey’s multiple comparison test was 

performed. *p<0.05 and **p<0.01. Female mice were used for these experiments.  
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Figure 3.6. Ly6G blocking of neutrophils is partially beneficial for IFNAR1-/-Tpl2-/- mice and 

Interferon λ treatment increases the survival of  Tpl2-/ - infected mice compared to IFNAR1-

/-/ Tpl2-/-. Mice were infected intranasally with 104 pfu of influenza x31. Following which they 

were administered 200 µg of an isotype control antibody (A-C), anti-Ly6G depleting antibody (D-

F) or anti-IFN- neutralizing antibody (G-I) intraperitoneally in 200 l on days 5 and day 7 post 

infection. Their weight change (A, D, G) and (B, E, H) clinical scores were recorded daily. 

Survival (C, F, I) was assessed through 12 dpi. Numbers of mice: A-C, WT (n=4), Tpl2-/- (n=5), 

IFNAR1-/- (n=3) and IFNAR1-/-Tpl2-/- (n=5) mice. D-F, WT (n=1), Tpl2-/- (n=5), IFNAR1-/- (n=3) 

and IFNAR1-/-Tpl2-/- (n=5) mice; G-I, WT (n=1), Tpl2-/- (n=3), IFNAR1-/- (n=2) and IFNAR1-/-Tpl2-

/- (n=3) mice. Data are representative of 2 two independent experiments. Log-rank Mantel-cox test 

was used for statistics. *p<0.05. Data averaged from males and female mice are represented by 

diamonds. 
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Figure 3.7. Tpl2 and TI IFN co-regulate IFN-λ, CXCL1 and neutrophil recruitment in late 

stage Influenza infection. In the lungs of influenza-infected Tpl2-/- mice at 7 dpi, upregulation of 

the IFNs and chemokines (CCL2, CCL3) leads to recruitment and retention of inflammatory 

monocytes and neutrophils, respectively that lead to lung damage likely via nitric oxide (NOS2). 

Meanwhile, in influenza-infected IFNAR-/- mice at 7dpi, we see overexpression of various 

cytokines along with higher recruitment of neutrophils. Along with the lower numbers of 

inflammatory monocytes (that express higher levels of NOS2), we see that the lung damage is still 

mediated by NOS2. However in the IFNAR1-/-/ Tpl2-/ - mice at the same time point we see the 

highest recruitment of neutrophils, and overexpression of CXCL1 and IFN-λ, along with the 

cytokines dysregulated due to lack of IFNAR signaling, all contributing towards inflammation.  
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Supplementary Figure 3.8. Similar disease course observed in influenza-infected female and 

male mice. (A) Percent weight change and (B) progression of clinical symptoms for WT (n=17), 

Tpl2-/- (n=16), IFNAR1-/- (n=21) and IFNAR1-/-Tpl2-/- (n=20) female mice (circle symbol) infected 
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with 104 pfu influenza A virus strain x31 through 14 dpi. Data are representative of 4 experiments 

(C) Percent weight change and (D) progression of clinical symptoms for WT (n=4), Tpl2-/- (n=13), 

IFNAR1-/- (n=19) and IFNAR1-/-Tpl2-/- (n=8) male mice (square symbols) infected with 104 pfu 

influenza A virus strain x31 through 14 dpi. Data are representative of 2 experiments. One-way 

ANOVA with Tukey’s multiple comparison test was performed. *p<0.05, for each day post 

infection and is represented between the groups it is significant for, with the respective symbol, as 

shown above.  
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Supplementary Figure 3.9. Viral loads were higher in the absence of Tpl2, irrespective of 

IFNAR signaling. Viral titers represented as pfu/ml for all infected groups at 7 dpi from (A) intact 

lungs without lavage or perfusion prior to homogenization from WT (n=17), Tpl2-/ - (n=16), 

IFNAR1-/- (n=21) and IFNAR1-/-/ Tpl2-/ - (n=13) prior to homogenization and (B) perfused & 

lavaged lung tissue or (C) BALF of WT (n=22), Tpl2-/ - (n=13), IFNAR1-/- (n=19) and IFNAR1-/-/ 

Tpl2-/ - (n=21) infected mice is shown. Data are representative of 2 experiments. Males are 

represented as squares and females as circles. One way ANOVA with Tukey multiple comparison 

test was performed with *p<0.05 and **p<0.01.  
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Supplementary Figure 3.10. Similar lung cellularity was observed for alveolar macrophages, 

NK cells and T cells. WT (n=17), Tpl2-/ - (n=9), IFNAR-/- (n=8) and IFNAR-/-/ Tpl2-/ - (n=17) mice 

were infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. The lungs were 

lavaged, perfused with PBS, digested with collagenase, and interstitial leukocytes were enriched 

by Percoll density gradient centrifugation. (A) Alveolar Macrophages, (B) Natural Killer cells, (C) 

CD8T cells and (D) CD4 T cells were examined at 7dpi. Data are representative of 3 experiments. 

Males are represented as squares, and females are representated as circles. One way ANOVA with 

Tukey’s multiple comparison test was performed with *p<0.05, **p<0.01 and ***p<0.001. 
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Supplementary Figure 3.11. Cytokine mRNA expression is similar to the protein expression 

seen at 7 dpi.  WT (n=22), Tpl2-/- (n=13), IFNAR-/- (n=19) and IFNAR-/-Tpl2-/- (n=21) mice were 

infected intranasally with 104 pfu of influenza x31 and euthanized at 7 dpi. The lungs were 

perfused and lavaged prior to extraction and then homogenized. RNA was extracted and 

analyzed for gene expression by real-time PCR for (A) IFN-γ, (B) IL-6, (C) IL-1β, (D) G-CSF 

(E) IFN-λ and (F) CXCL1. Squares represent male mice, and circles represent female mice. Data 

are representative of 2 experiments. One way ANOVA with Tukey’s multiple comparison test 

was performed with *p<0.05, **p<0.01 and ***p<0.001.   
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Supplementary Figure 3.12. Gene expression analysis of alveolar macrophages, neutrophils 

and inflammatory monocytes suggest functional redundancies in gene expression. WT (n=8), 

Tpl2-/- (n=9), IFNAR1-/- (n=6) and IFNAR1-/-Tpl2-/- (n=6) mice were infected intranasally with 104 
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pfu of influenza x31 and euthanized at 7 dpi. Their lungs were digested with collagenase and 

leukocytes were sorted by flow cytometry as in Figure 5. Gene expression was analyzed by qPCR 

and normalized across all cell types and genotypes to the WT AM sample, which was designated 

a value of 1 to allow for comparisons across cell types. Data are representative of 3 experiments. 

One-way ANOVA with Tukey’s multiple comparison test was performed. *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. Female mice were used for these experiments.  
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CHAPTER 4 

INFLUENZA A VIRUS INFECTION INDUCES AN ACQUIRED RESPIRATORY 

DISTRESS SYNDROME-LIKE PHENOTYPE IN TPL2-DEFICIENT MICE 
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ABSTRACT  

Excessive inflammation in patients with severe influenza disease may lead to acute lung injury 

that results in a clinical syndrome called Acute Respiratory Distress Syndrome (ARDS). ARDS is 

associated with alveolar damage and pulmonary edema that severely impairs gas exchange 

function leading to hypoxia. With no existing FDA-approved treatment for ARDS, the only option 

for treatment is invasive mechanical ventilation, which still results in high mortality. Therefore, it 

is important to understand the factors that lead to ARDS development in order to better prevent, 

diagnose and treat it. We have previously shown that Tpl2-/- mice succumb to infection with a 

normally low-pathogenicity strain of influenza (x31, H3N2) and that an overactive immune 

response rather than impaired viral control correlates with enhanced morbidity and mortality in 

Tpl2-/- mice. The goal of the current study is to evaluate Tpl2-/- mice clinically and 

histopathologically to gain insight into disease mechanisms, including the development of ARDS 

features. Histopathologically, we observed prominent signs of alveolar septal necrosis, pleuritis 

and higher lactate dehydrogenase (LDH) levels in the lungs of influenza-infected Tpl2-/- mice 

compared to WT mice from 7 to 9 dpi. Notably, WT mice showed signs of regenerating epithelium 

that were reduced in Tpl2-/- mice. Furthermore, biomarkers associated with human ARDS cases 

were upregulated in Tpl2-/- mice at 7 dpi, suggesting an ARDS-like phenotype in Tpl2-/- mice in 

response to influenza infection. Thus, this study highlights how Tpl2 regulation of 

hypercytokinemia and inflammation plays a role in preventing the development of ARDS like 

clinical syndrome induced by influenza and the utility of this model in investigation of diagnosis, 

prevention and treatment of ARDS. 
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INTRODUCTION  

Acute Respiratory Distress Syndrome (ARDS) is a form of lung injury induced by a variety of 

insults, like sepsis, pneumonia, severe traumatic injury, and aspiration of gastric contents, that 

leads to both hypoxia (lack of oxygen) and edema (fluid in the lung)331,332. 30-40% of the patients 

hospitalized for influenza develop bacterial pneumonia, which has a higher likelihood of 

developing ARDS. Therefore, it is not surprising that the most common viral causative agent for 

ARDS is influenza A39. Regardless of the underlying cause, ARDS is characterized by the acute 

onset of non-cardiogenic pulmonary edema leading to increased work of breathing and acute 

hypoxemic respiratory failure333. Patients that do survive typically have lasting impairments, 

including persistent pulmonary dysfunction, cognitive impairment and muscle weakness334,335. 

Risk factors that lead to higher probability of developing ARDS include advanced age336–338, 

female gender339–341 and surgery342,343.   

One barrier to ARDS management is the difficulty in its diagnosis. In an ARDS study canvassing 

50 countries in which the physician diagnoses of ARDS were based on the Berlin definition344, the 

clinical diagnosis was less than 40%, with severe cases extending the probability of diagnosis to 

only 80%345. Contributing to failure of ARDS diagnosis is the fact that the measurement of the 

oxygen levels via ratio of arterial oxygen partial pressure to fractional inspired oxygen 

(PaO2/FiO2) is not always performed346 or can vary on a patient-to-patient basis347. While 

diagnosis of ARDS in its early stages is difficult, detection of it early enough allows for treatment 

with high flow oxygen while avoiding the increase of pulmonary edema (optimal fluid 

management) , pharmacological and antiviral therapies40,41. Considering that ARDS remains a 

difficult disease to diagnose and manage, it is vital to understand the disease etiology and 

progression to better prevent, diagnose and treat it.  
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The general pathological features of ARDS are typically described as passing through three 

overlapping phases: (1) an inflammatory or exudative phase, (2) a proliferative phase and (3) a 

fibrotic phase348,349. The exudative phase is marked with alveolar damage due to necrosis of the 

epithelium, along with signs of inflammation, including cytokine secretion and associated 

inflammatory cell recruitment333. The proliferative phase is marked by recovery of the epithelium 

by replacement with fibroblasts and type II pneumocytes349,350. Moreover, this phase sees the 

transition from inflammatory cell-derived mediators of lung injury to anti-inflammatory 

macrophage- and fibroblast-derived growth factors that facilitate repair. The last stage is end-stage 

fibrosis, characterized by extensive thickening of the interstitium by fibrosis that compromises 

alveolar gas exchange, and hypoxia sets in332,348. At this stage, the only option for treatment is 

mechanical ventilation, however recovery depends on many factors including the level of care 

received and other treatments351. ARDS typically results in nearly 40% mortality, even with 

aggressive treatment345,352–355. Furthermore, it is harder to treat influenza-induced ARDS, due to 

both virus cytopathic effects and inflammation-induced lung damage.356,357  

Inflammation in influenza-induced ARDS is generally associated with cytokines IL-6, IL-10, G-

CSF, IL-1β, IL-8, MCP-1 and IL-12358–361 and the recruitment and function of macrophages, 

neutrophils and monocytes274,362–365. The damage resulting from the influenza infection can 

predispose the person to bacterial co-infection, especially post long-term mechanical ventilation 

or in patients older than 65 years of age235–237. Hence, we see that post influenza infection, due to 

the multivariate nature of the inflammation, multiple mechanisms can trigger/facilitate the 

progression to ARDS. Furthermore, when cases involving any respiratory distress, are examined 

by radiography it is hard to distinguish influenza-induced ARDS from ARDS triggered by other 

insults, or to differentiate damage caused by bacterial pneumonia from damage caused by prior 
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viral infection237,366.  Thus, we note that with difficulty in clinically diagnosing the cause, it is hard 

to predict which cases of influenza would progress to ARDS. Therefore, it is essential to evaluate 

the regulators of the immune response to influenza, for their role in ARDS development. Hence, 

we wished to examine if Tpl2 regulation of the immune response to influenza in the mouse 

model315, would have any clinical similarities to ARDS development.  

Tpl2-/- mice exhibit enhanced morbidity and mortality to influenza infection with deteriorating 

clinical symptoms from 7 to 9 dpi222,233. Live virus was undetectable in lungs by 9 dpi, confirming 

viral clearance, albeit delayed, in the Tpl2-/- mice222. Despite viral clearance, Tpl2-/- mice exhibited 

excessive influx of inflammatory cells, specifically inflammatory monocytes and neutrophils, by 

7 dpi. Additionally, IFN-β expression directly correlated with chemokines CCL2 and CXCL1, 

both of which also correlated with NOS2 over-expression. These data suggested that the damage 

to Tpl2-/- lung tissue at 7 dpi was mediated by recruited inflammatory monocytes and 

neutrophils222. However, it is still unclear precisely how this enhanced inflammatory response 

leads to morbidity and mortality in Tpl2-/- mice. 

The goal of the current study is to evaluate Tpl2-/- mice clinically and histopathologically to gain 

insight into disease mechanisms, including the potential development of ARDS features. 

Histopathologically, we observed prominent signs of alveolar septal necrosis, pleuritis and higher 

LDH levels in the lungs of influenza-infected Tpl2-/- mice compare to WT mice from 7 to 9 dpi. 

Notably, WT mice showed signs of regenerating epithelium that were significantly reduced in 

Tpl2-/- mice. Furthermore, influenza-infected Tpl2-/- mice displayed upregulation of biomarkers 

associated with human ARDS, including Receptor for Advanced Glycosylation End Products 

(RAGE), Vascular Endothelial Growth Factor α (VEGFα) and Actin Alpha 2, Smooth Muscle 

(ACTA) at 7 dpi. Therefore, we are able to characterize the pathology seen in influenza-infected 
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Tpl2-/- mice as ARDS-like. Influenza-infected Tpl2-/- mice may therefore represent a novel murine 

model for studying ARDS-like disease.  

 

MATERIALS AND METHODS  

Mice and viruses 

Wild type (WT) C57BL/6 mice were purchased from Jackson Laboratory. Tpl2-/- mice backcrossed 

10 generations onto the C57BL/6 strain were kindly provided by Dr. Philip Tsichlis315. Animals 

were housed in microisolator cages in the Central Animal Facility of College of Veterinary 

Medicine. All animal experiments were performed in accordance to the guidelines provided by 

“The Guide for Care and Use of Laboratory Animals”. The Institutional Animal Care and Use 

Committee (IACUC) of the University of Georgia approved all animal experiments. 

Embryonated specific pathogen-free eggs were purchased from Poultry Diagnostics & Research 

Center, UGA. Influenza virus A/HKX31 (H3N2) stocks were kindly provided by Dr. Mark 

Tompkins (University of Georgia). The virus was propagated in the allantoic cavity of 9- to 11-

day-old embryonated specific pathogen free (SPF) chicken eggs at 37°C for 72 hours, and viral 

titers were enumerated by plaque assays as described315. 

 

Influenza infection of mice 

Age matched 6-8 week-old WT and Tpl2-/- mice were anesthetized with 250 mg/kg of 2% 

weight/volume Avertin (2,2,2- Tribromoethanol, Sigma) followed by intranasal instillation of 50 

μl PBS containing 104 pfu of influenza A/HKX31 (H3N2, hereafter referred to as x31). The mice 

were maintained post infection while being scored according to the following index: piloerection, 

1 point; 20% weight loss, 1 point; 25% weight loss, 2 points; hunched posture, 2 points; labored 
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breathing, 3 points; 30% weight loss, 5 points. Mice with a cumulative score of 5 were humanely 

euthanized.  

 

Histology  

Mice were infected with 104 pfu of influenza A virus (IAV, x31)) for 7 and 9 days, with uninfected 

controls for each genotype also included, and lungs were harvested and fixed with 10% neutral-

buffered formalin. Fixed lungs were processed into 4 μm sections for hematoxylin and eosin 

(H&E) staining. The sections were then scored for histological features by a board-certified, 

veterinary pathologist in a blinded manner, according to the following criteria: 

• Alveolar/Alveolar edema/Pleuritis score:  focal lesion, 1 point; multifocal lesions, 2 points; 

multifocal to coalescing lesions, 3 points; majority of lobule affected, 4 points. 

• Interstitial pneumonia score: alveolar septa infiltrated and thickened by 1 leukocyte layer, 1 

point; 2 cells-thick layer infiltration of alveolar septa, 2 points; 3 cells-thick layer infiltration 

of alveolar septa, 3 points; 4 cells-thick layer infiltration of alveolar septa, 4 points. 

• Bronchiolar score: focally affected bronchiole, 1 point; multifocal affected bronchioles, 2 

points; majority of the bronchioles in a lobule affected, 3 points; bronchioles diffusely affected 

in a lobule, 4 points.  

• Vasculitis score:  infiltration of vessel wall by leukocytes, 1 point; infiltration and separation 

of smooth muscle cells in the vessel wall, 2 points; infiltration and fibrinoid change, 3 points. 

 

Analysis of gene expression  

Mice were sacrificed at 7 to 9 days post infection (dpi). Lungs were harvested into 1 ml of PBS 

and homogenized in a bead mill homogenizer (Qiagen Tissue Lyser II) at 25 hertz for 2-4 minutes 
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in prechilled rotors. The homogenate was centrifuged at 500xg for 5 minutes, and the pre-cleared 

homogenate was lysed in TRK tissue lysis buffer (RNEasy, Omega Bio-Tek) for RNA extraction. 

Messenger RNA was extracted using the E.Z.N.A. RNA Extraction Total RNA kit I (Omega Bio-

Tek) and converted into cDNA using a High-Capacity RNA-to-cDNA kit (Thermo Fisher) 

according to manufacturer’s protocol. Relative expression of various genes was assessed using 

RT-PCR Sensifast Hi-ROX PCR Mastermix (Bioline) and probes sourced from Applied 

Biosystems) using a StepOne Plus instrument (Applied Biosystems). Results are expressed relative 

to the actin internal control and the WT or untreated sample using the CT method. The following 

probes were used in this process: ACTA (Mm01546133), AGER (Mm001134790), CD200 

(Mm00487740), CD200R1 (Mm00491164), COX2 (Mm03294838), CXCL5 (Mm00436451), 

Paprg (Mm00440940), Pecam1 (Mm 01242584), Ptges2 (Mm00460181) and Vegfα 

(Mm00437306).  

 

Serum Complete Blood Count and Lactate Dehydrogenase measurements 

Mice were sacrificed at 7 to 9 dpi. Blood was collected by cardiac puncture or renal vein bleed 

into 1.1 ml Z Gel Micro tubes (Catlog #41.1378.005, Starstedt). Complete blood count (CBC) with 

automated differential was performed at the UGA-Athens Veterinary Diagnostic Laboratory. 

Lactate dehydrogenase (LDH) was measured with a QuantiChrom™ Lactate Dehydrogenase Kit 

(catalog# D2DH-100, VWR) using 3 l of serum.  

 

Chimeras  

Different Host Bone Marrow Chimeras (DH) chimeras were made by irradiating adult (> 6 weeks 

of age) WT and Tpl2-/- mice with 1100 Rads followed the next day with injection of 3 x 106 bone 
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marrow cells from WT donor mice in a volume of 200 µl PBS as mentioned previously315. 

Different Donor Bone Marrow Chimeras (DD) chimeras were made by irradiating adult (> 6 weeks 

of age) WT mice with 1100 Rads followed the next day with injection of 3 x 106 bone marrow 

cells from WT or Tpl2-/- donor mice in a volume of 200 µl PBS. Chimeras were maintained on 

acidified water (pH 2.5) in sterile caging for 2 months to allow for reconstitution of the 

hematopoietic compartment. The resulting chimeras were infected with 104 pfu x31 virus, and 

body weights were measured over a period of 8 to 10 days, at which times the mice were 

euthanized to assess the lung cytokine profile and ARDS marker expression on the day of expected 

peak clinical symptoms (i.e. weight loss). 

 

Statistical Analysis 

P values were calculated with GraphPad PRISM software version 9.2.0(332) using Student’s T test 

or one-way ANOVA with Tukey’s multiple comparisons test, depending on the number of groups 

being compared. Differences were considered statistically significant if p ≤ 0.05. Data represent 

means ± SEM.  

 

 

RESULTS 

 

Tpl2-/- mice present with increased immunopathology upon influenza infection  

Influenza-infected Tpl2-/- mice show severe inflammation, as measured by cytokine expression by  

7 dpi315. To gain further insight into the etiology of disease in influenza-infected Tpl2-/- mice, we 

assessed the lung tissue for pathological alterations at 7 dpi, because this was the clinically 

divergent time point at which WT mice show signs of recovery, whereas Tpl2-/- mice become 
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progressively worse315. The lungs were scored by a board-certified veterinary pathologist blinded 

to the groups according to the scale defined in the Materials and Methods. Lung sections from 

Tpl2-/- mice showed a greater percent of the lung area affected by inflammation by 7 dpi (Figure 

4.1A-B). Increased alveolar septal necrosis and inflammation of the pleura were also observed in 

Tpl2-/- lung sections (Figure 4.1A, C-D), indicating that increased epithelial and alveolar damage 

extended to the pleura in Tpl2-/- mice. While interstitial pneumonia was higher in WT mice, other 

indices, including bronchiolar, vasculitis, alveolar, and alveolar edema scores were similar 

between WT and Tpl2-/- mice (Figure 4.1E-I), suggesting that specific alterations and not wholesale 

inflammation were occurring. We also examined fibrosis with Masson’s Trichrome staining and 

found no difference in fibrosis at 7 dpi between WT or Tpl2-/- mice (Figure 4.1J-L).  

 

Biomarkers for ARDS increased in Tpl2 at day 7 post infection  

We have previously noted the influx of excessive neutrophils and monocytes into the lungs of 

influenza-infected Tpl2-/- mice by 7 dpi, along with overexpression of the inflammatory enzyme 

NOS2315. In other mouse models of influenza-induced ARDS, neutrophils have been shown to 

contribute to the damage induced, with similar clinical signs of weight loss and morbidity at 

approximately 10 dpi130,367,368. Considering the epithelial damage observed histolopathologically 

in Tpl2-/- mice at 7 dpi along with inflammation noted in influenza-infected mice previously315 and 

the similar clinical course and outcomes seen in the exudative phase of ARDS333,349,369, we 

examined the expression of early ARDS biomarkers, in influenza-infected WT and Tpl2-/- mice at 

7 dpi. Since ARDS manifests due to issues involving the epithelium, endothelium and other 

contributing cell types like alveolar macrophages, broadly representative biomarkers were 

selected. For examination, the lung tissue was either unprocessed, or perfused and lavaged prior 
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to homogenization. The perfused-lavaged lung tissue, is important as it is the location of the 

hyperketonemia and cellular differences seen in the previous study315, however the intact 

(unprocessed) lung was required to factor in the contribution from the blood & BAL (with focus 

on epithelium-endothelium interaction). We examined several widely accepted biomarkers of the 

exudative phase of ARDS, including Receptor for Advanced Glycosylation Endproducts (RAGE), 

Vascular Endothelial Growth Factor (VEGFα), CXCL5 (or ENA78, which has structural 

homology to IL-8), and Platelet and Endothelial Cell Adhesion Molecule 1 (PECAM-1)369–372. 

RAGE is expressed in epithelial cells, whereas VEGFα, PECAM-1, and CXCL5 are associated 

with endothelial activation during ARDS373 linked with the restructuring of the endothelium to 

facilitate neutrophil adhesion374–376 and angiogenesis of blood vessels377–381. Interestingly, RAGE 

(represented by the gene AGER), VEGFα, PECAM-1 and CXCL5 are upregulated in the Tpl2-/- 

intact/whole lungs but not in the Tpl2-/- perfused and lavaged lungs compared to WT (Figure 4.2A-

H. During influenza infection, CD200 Receptor (CD200R) expression is upregulated on various 

myeloid cells, especially alveolar macrophages; concomitantly, CD200 is expressed by the 

epithelial, endothelial cells and to some extent B and T cells. CD200 interacts with the CD200R 

to suppress the inflammatory activity of alveolar macrophages382. Furthermore, CD200-/- mice 

developed ARDS in response to influenza infection, due to the increased pro-inflammatory 

macrophage function382. Likewise, intratracheal instillation of LPS reduced CD200 expression in 

mice in a model of LPS-induced ALI383. Therefore, reduced expression of CD200 has been 

associated with (mouse models of) ARDS, as it is then unable to suppress the inflammatory 

function of alveolar macrophages382,383. Interestingly, we observed upregulated levels of CD200 

along with no difference in the expression of CD200R1 in both the intact and perfused/lavaged 

Tpl2-/- lungs at 7 dpi (Figure 4.2I-L). We also examined another biomarker, peroxisome 
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proliferator- activated receptor gamma (PAPR-γ), to represent the interaction between the 

pulmonary epithelium and alveolar macrophages. PAPR-γ is a receptor expressed on alveolar 

macrophages that mediates anti-inflammatory effects by suppressing inflammatory products like 

MCP-1, MIP2, NOS2, COX2, ICAM, and P-selectin, as well as prevention of injury/edema384,385. 

PAPR-γ was not differentially expressed in either the intact or perfused/lavaged Tpl2-/- lungs at 7 

dpi (Figure 4.2M-N). Finally, Actin Alpha 2 (ACTA), which is required for the movement of 

myofibroblasts in the early stages of the lung injury and has been shown to be upregulated in 

ARDS patients386, was overexpressed in both the intact and perfused/lavaged Tpl2-/- lungs at 7 dpi 

(Figure 4.2O-P). Collectively, we found overexpression of AGER, VEGFα, PECAM-1, CXCL5  

and ACTA, in influenza-infected Tpl2-/- mice at 7 dpi that correspond to ARDS biomarker profiles 

in human patients, with no difference in CD200R1 (along with over-expression of CD200) and 

PAPRγ in Tpl2-/- mice at 7dpi.  

In our previous study, we observed that chimeric mice with Tpl2 ablation localized to the radio-

resistant compartment showed differential weight loss compared to control WT chimeras on 8 dpi 

but recovered by 10 dpi. Moreover, they also exhibited cytokine dysregulation with overexpression 

of CCL2, IFN-γ and IL-6 at 8 dpi315. We examined these chimeras to localize the cellular 

contribution of Tpl2 to ARDS biomarker expression and only found a decrease in PECAM-1 

expression (Supplementary Fig. 4.7A-E), contrary to the increase observed with global Tpl2 

ablation (Figure 4.2E). We next generated Different Donor Bone Marrow (DD) chimeras, wherein 

WT mice were irradiated and given bone marrow from either WT or Tpl2-/- mice resulting in mice 

with Tpl2 ablation restricted to the radiosensitive compartment (Supplementary Figure 4.8A) to 

examine their contribution towards the phenotypic profile of global Tpl2 deficient mice. In these 

DD chimeras, there was no difference in influenza-induced weight loss, irrespective of Tpl2 
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ablation (Supplementary Figure 4.8B). However, there was increased expression of CCL2 in the 

DD Tpl2-/- chimeras (Supplementary Figure 4.8C), with no difference in IFN-γ or IL-6 levels 

(Supplementary Figure 4.7D-E), indicating that this was a much milder model of disease than 

observed in either mice with global Tpl2 ablation or DH chimeras315. Accordingly, examination 

of ARDS biomarkers in these chimeras showed no differential expression (Supplementary Figure 

4.8F-J). Collectively, these data reveal that ARDS biomarker expression is dependent upon Tpl2 

ablation in both radioresistant and radiosensitive compartments.  

 

Histopathological damage intensifies in influenza-infected Tpl2-/- mice at 9 dpi. 

Tpl2-/- mice have histopathological indications of damage and early signs of ARDS by 7 dpi, which 

corresponds to the day that WT and Tpl2-/- mice clinically diverge. Since the Tpl2-/- mice succumb 

to the infection at approximately 10 dpi315, we further examined both WT and Tpl2-/- mice at 9 dpi. 

At this time point, histology revealed prominent alveolar septal necrosis with the formation of a 

hyaline membrane (fibrin lining the septa; Figure 4.3A-C), which are histopathologic lesions seen 

in patients with pathogenic influenza infection or influenza-induced ARDS patients38,239,387. The 

representative images for the Tpl2-/- lung section to depict alveolar septal necrosis as well as the 

hyaline membrane, are from mice that naturally succumbed to the infection and as represented by 

their darker pink staining in contrast to the WT section. Inversely, signs of type 2 pneumocyte 

hyperplasia, which indicates regeneration of the epithelium post injury and characteristic of 

patients recovering from influenza38,388, is higher in WT at 9 dpi compared to Tpl2-/- mice (Figure 

4.3A, C), wherein visually we see that there are more of the darker, slightly bigger cells that are 

linking the alveoli at a more pronounced proportion than the Tpl2-/- lung section. Other lesion 

metrics, such as percent of lung affected and pleuritis, which were different at 7 dpi, and other 
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scored lesions were not affected by Tpl2 ablation (Figure 4.3D-I), however alveolar edema 

appeared to be decreased in lungs of Tpl2-/- mice compared to WT mice at 9 dpi (Figure 4.3J). We 

also did not observe significant differences in fibrosis by histochemistry at 9 dpi (Figure 4.3K-M).  

ARDS biomarkers that were upregulated at 7 dpi, were no longer differentially expressed in Tpl2-

/- mice at 9 dpi, suggesting that the disease had progressed beyond the peak transcriptional 

expression of these early-stage ARDS markers (Supplementary Figure 4.9A-E). Therefore, we 

examined the fibrotic response of the lung as a measure of the final fibrotic stage of ARDS 

focusing on Cyclooxygenase 2 (COX2) expression. COX2 is an inducible enzyme that allows for 

the resolution of lung injury by assisting prostaglandins and lipid mediators in limiting the 

pathobiological function of fibroblasts, and thereby limiting fibrosis389,390. Moreover, it was 

recently shown that alveolar macrophage-specific deletion of Tpl2 caused a reduction in COX2 

expression and induced pulmonary fibrosis in a bleomycin-induced model of idiopathic pulmonary 

fibrosis (IPF)391. However, there was not a significant difference in the levels of COX2 between 

the Tpl2-/- or WT intact lungs at 9 dpi (Supplementary Figure 4.9F) nor at the earlier time point of 

7 dpi (Supplementary Figure 4.9G).  

 

CBC profiling shows more RBCs and platelets in Tpl2-/- mice, suggestive of injury and repair  

With increased histopathological signs of lung damage in influenza-infected Tpl2-/- mice at 9 dpi 

(Figure 4.3A-B) and higher clinical scores in Tpl2-/- mice, involving hunching and dyspnea (or 

labored breathing)315, we examined the complete blood profile at 9 dpi. Notably, anemia is linked 

to cases of severe influenza disease392. Higher red blood cell counts, hemoglobin content, 

hematocrit (HCT), and platelets were observed in circulation in Tpl2-/- mice compared to WT at 9 

dpi (Figure 4.4A-C, I). However, no differences were observed for various other measures, 
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including red cell distribution width (RDW), mean corpuscular hemoglobin concentration 

(MCHC), mean corpuscular volume (MCV), and mean corpuscular hemoglobin (MCH), which 

are primarily measured to assess anemia (Figure 4.4D-G). There was also no difference in white 

blood cell (WBC) counts or mean platelet volume (MPV) (Figure 4.4H, J).  

 

Pulmonary edema and LDH overexpression in blood at day 9 suggests accumulating damage 

in Tpl2-/- mice. 

Lactate Dehydrogenase (LDH) is the enzyme that converts pyruvate to lactate in the presence of 

NADH and is widely accepted to evaluate cellular damage for various pathological conditions, 

including influenza-induced apoptosis and COVID-19 severity prognosis393–395. We first examined 

LDH levels in the blood and BALF at 7 dpi and found that, while Tpl2-/- mice did not show any 

differences in LDH release in blood at 7 dpi (Figure 4.5A), we did observe increased LDH release 

in the BALF of the same mice (Figure 4.5B). By 9 dpi, LDH release was also observed in the 

blood (Figure 4.5C), consistent with progression of the disease by that time point. Pulmonary 

edema (fluid in the lungs) is a major component of ARDS and is often used to clinically define the 

condition396,397. Therefore, we examined pulmonary edema by measuring the wet/dry lung weights 

at 9 dpi. Tpl2-/- mice had significantly higher levels of pulmonary edema compared to WT mice at 

9 dpi (Figure 4.5E), also consistent with increased morbidity in Tpl2-/- mice. 
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DISCUSSION  

 

Our previous study established hypercytokinemia and increased pulmonary recruitment of 

inflammatory monocytes and neutrophils in influenza-infected Tpl2-/- mice at 7 dpi, when they 

start showing increased weight loss and clinical scores compared to WT mice. Accordingly, Tpl2-

/- mice succumb to influenza infection by 9 dpi315. In this study, detailed examination of lung 

histopathology from 7 to 9 dpi revealed alveolar septal necrosis at 7 dpi that became more 

prominent in the Tpl2-/- mice by 9 dpi with formation of hyaline membranes. Conversely, WT mice 

showed signs of recovering and regenerating epithelium by 9 dpi, consistent with their full 

recovery. We also observed pleuritis and higher levels of LDH in the BALF of Tpl2-/- mice at 7 

dpi, and in the blood at 9 dpi. Notably, increased morbidity in the Tpl2-/- mice was accompanied 

by increased pulmonary edema, a hallmark of ARDS, at 9 dpi. Assessment of ARDS biomarkers 

showed that Tpl2-/- mice showed differential expression of RAGE, VEGFα, PECAM-1, CXCL5, 

and ACTA, at 7 dpi in the Tpl2-/- mice, consistent with an ARDS-like phenotype (Figure 4.6).  

 

The early stages of influenza-related acute alveolar injury are characterized by denudation of the 

alveolar epithelium that then progresses to widening of the alveolar septa due to fluid leakage from 

the vasculature, which along with fibrotic thrombi might be the cause for alveolar septal necrosis. 

The last stage of viral pneumonia is re-epithelialization of the alveolar septa and infiltration by 

leukocytes.38,398 Moreover, the changes of influenza to the bronchioles are not long lasting and are 

mainly seen sub acutely as thickened epithelial linings primarily due to epithelial regeneration and 

bronchial inflammation, with signs of necrotizing bronchiolitis initially398.  Additionally, in further 

review of the histology observed in various influenza patient lungs post mortem, the cases 
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involving alveolitis (damage to the alveolar surfaces) were devoid of virus detection, whereas they 

showed regeneration of the epithelium within 5 dpi.38 In the Tpl2-/- mice, we observed a higher 

occurrence of alveolar septal necrosis at 7 dpi, which becomes more prominent by 9 dpi. This was 

coupled with formation of the hyaline membrane and undetectable virus by 9 dpi315. These findings 

confirm that the pathology seen in Tpl2-/- mice results from a dysregulated immune response rather 

than viral replication.  

 

Alveolar septal necrosis observed by 7 dpi is consistent with the diffuse alveolar damage 

characteristic of the early stages of ARDS239,387. The biomarkers overexpressed at 7 dpi, including 

AGER, VEGFα, PECAM-1 and CXCL5, are representative of the early/exudative phase of ARDS. 

Furthermore, on examination of intact versus perfused-lavaged lungs, we observed AGER, 

VEGFα, PECAM-1 and CXCL5 were all overexpressed with contribution from all components of 

the lung, whereas CD200 and ACTA were primarily overexpressed in the Tpl2-/- lung tissue 

compartment, suggesting a localization of the predominant expression for each marker. For 

example, CD200 being overexpressed in the perfused-lavaged lung tissue correlates with CD200 

expression as an epithelial ligand382. CD200 is also an early phase marker, whose decreased 

expression typically leads to ARDS development. However, we noted instead that CD200 

expression is increased in Tpl2-/- mice, perhaps as a compensatory mechanism to control excessive 

inflammation by suppressing the inflammatory functions of alveolar macrophages. This is similar 

to the SOCS1 overexpression in Tpl2-/- mice from 7 to 9 dpi to suppress the excessive T1 IFN 

signaling315 (that is also predominantly associated with alveolar macrophages56,57). However, 

increased expression of CD200 and unchanged CD200R1 expression as early as 7dpi, along with 



 

132 

no reduction in the PAPRγ levels suggests that the alveolar macrophages are not actively 

contributing towards ARDS development at later timepoints. 

 

Another interesting aspect is that ACTA over-expression could be a sign of progression of the 

ARDS to the early proliferative phase, and that could also add to why it is so highly over-

expressed. Especially when we consider the fact that none of the biomarkers are significant by 

mRNA expression at 9 dpi, it might be due to passage of the early-mid of the ARDS phase. Type 

2 pneumocyte hyperplasia is a sign of previous alveolar damage that is being covered by 

regenerating epithelium, and has been found to be upregulated in patients with recovery post 

influenza38. Seeing this histologic characteristic upregulated in WT mice at 9 dpi is a sign of 

recovery of the mice post infection. Concomitantly seeing that it is not as upregulated in the Tpl2-

/- mice could suggest that the mice are unable to progress past the early proliferation phase and 

hence we see the excessive RBCs and platelets in the blood at 9dpi as well.  

 

When we examined the chimeras with Tpl2 ablation localized into radioresistant (DH chimeras) 

and radiosensitive compartments (DD chimeras), we see that while the chimeras overexpress 

CCL2 at day 7/8 post infection, they do not differentially express the ARDS markers, except for 

reduction of PECAM-1. This suggests that the chimeras are spared the extensive pulmonary 

damage that typically progresses to ARDS development. In the global Tpl2-/- mice, we observed 

differential ARDS biomarker expression at 7 dpi, which correlates to the peak of hypercytokinemia 

and differential weight loss in Tpl2-/- mice. In the DH chimeras, among the ARDS markers, only 

PECAM1 was differentially expressed at the peak of cytokine dysregulation, which was also less 

severe that in the global Tpl2-/- mice. The similar weight loss in DH chimeras confirm the less 
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severe disease progression in these mice, consistent with rapid control of the cytokine 

dysregulation315 and ARDS marker expression in this model. Similarly, in the DD chimeras, we 

do not observe differential ARDS biomarker expression at the time point with CCL2 

dysregulation, and no differences in weight loss were noted. Considering that we examined 

markers that were more specific to interactions between alveolar macrophages and the epithelium, 

along with those specific for epithelial or endothelial damage, the similar ARDS biomarker 

expression in the chimeras suggests that even the early stages of ARDS development is a product 

of multiple interactions that are only facilitated by systemic Tpl2 ablation. Collectively, these data 

support that Tpl2 ablation in both radio-resistant and radiosensitive cells is required to cause the 

severe dysregulated and prolonged inflammation in response to influenza infection that then 

induces damage to develop into an ARDS-like phenotype. 

  

Pulmonary edema has been associated with the endogenous activity of NOS2 (Nitric Oxide 

synthase 2) in various models and clinical cases of lung injury, including hypercalcemia, endotoxin 

treatment, influenza, and ARDS399–402. Additionally, NOS2 was found to be required for 

pathologic vascular changes in the lungs403. Indeed, we have observed increased NOS2 expression 

in the Tpl2-/- mice at 7 dpi315. The development of pulmonary edema is consistent with the dyspnea 

observed in Tpl2-/- late during the disease course, and ultimately explains the morbidity and 

mortality observed in Tpl2-/- mice via an ARDS-like mechanism. While reduced alveolar edema 

was noted in the Tpl2-/- mice by histology, this could be due to random sampling of less affected 

areas by histology. However, whole organ analysis by quantitation of lung wet:dry weight ratio 

clearly showed a significant increase in pulmonary edema in influenza-infected Tpl2-/- mice. The 

pulmonary edema observed by weight could explain the increased RBC, HgB, and HCT values in 
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the Tpl2-/- mice secondary to dehydration due to loss of fluid into the alveolar compartment. Poor 

oxygenation could also be driving upregulation of RBC production in the Tpl2-/- mice. Increased 

platelet counts in the Tpl2-/- mice are consistent with the increased inflammation observed in this 

group. Furthermore, alveolar damage seen from 7 to 9 dpi by histologic examination has been 

associated with excessive inflammation mediated by inflammatory cells like neutrophils387 in cases 

of ARDS caused by influenza and COVID-19388,403,404. In turn, the hypercytokinemia leading to 

the increased cellular influx in the Tpl2-/- mice by 7 dpi315 is most likely caused by damage to the 

alveolar septa. 

In studies examining the role of Tpl2 in lung injury induced by mechanical ventilation, genetic 

ablation and pharmacological Tpl2 inhibition before and after the ventilation reduced the severity 

of acute lung injury405, whereas another study reported that Tpl2 kinase genetic inhibition was 

unable prevent ventilation-induced lung injury 406.  In contrast, our study is the first to show that 

Tpl2 serves a protective role during influenza-induced lung injury by preventing severe 

inflammation and ARDS development. Future studies will seek to further dissect the Tpl2-

dependent host response to influenza infection within the different cellular compartments, 

including the epithelium, endothelium and alveolar macrophages requisite for severe influenza 

disease development and ARDS progression. Furthermore, the influenza-infected Tpl2-/- mouse 

model of influenza-induced ARDS development could enable us to better understand this 

aggressive disease and assist in the design of better diagnostics and treatments.  
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Figure 4.1. Increased severity and distribution of some pulmonary lesions in Tpl2-/- mice at 7 

dpi with influenza. WT (n=6) and Tpl2-/- (n=11) mice were infected intranasally with 104 pfu of 

influenza x31. At 7 dpi, the lungs were fixed in formalin, stained with H&E, and scored. (A) 

Representative images of Tpl2-/- (left) and WT (right) lungs to highlight the pleuritis, alveolar 

septal damage, and interstitial pneumonia. Black arrows indicate alveolar septal necrosis, 

arrowheads indicate interstitial pneumonia, and red arrows indicate pleuritis. (B-I) Pooled scores 

for all lungs in the two groups. (J-L) Separate sections of the same lungs were stained with 

Masson’s Trichrome stain and scored for fibrosis. Squares represent male mice, and circles 

represent female mice. Unpaired student’s t-test; *p<0.05, **p<0.01. Data are representative of 2 

experiments.  
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Figure 4.2. ARDS genes are overexpressed in lungs of influenza-infected Tpl2-/- mice at 7 dpi 
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in a tissue-specific manner. (A, C, E, G, I, K, M, O) WT (n=11) and Tpl2-/- (n=8) mice were 

infected intranasally with 104 pfu of influenza x31 for 7 days. The whole (intact) lungs were 

harvested without perfusion or lavage and homogenized for RNA extraction for gene expression 

analysis by real-time qPCR. Data are representative of 3 experiments. Squares represent male 

mice, and circles represent female mice. Unpaired student’s t-test *p<0.05, **p<0.01. (B, D, F, H, 

J, L, N, M) WT (n=19) and Tpl2-/- (n=10) mice were infected exactly as above, except that, prior 

to harvest and homogenization, lungs were perfused with 10 ml PBS prior and lavaged twice with 

the same 1 ml PBS. RNA was extracted, and real-time qPCR analysis was performed. Data are 

representative of 2 experiments. Squares represent male mice, and circles represent female mice. 

Unpaired student’s t-test *p<0.05, **p<0.01. 
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Figure 4.3. Further increase in histopathologic damage in the Tpl2-/- mice at 9 dpi. WT (n=8) 

and Tpl2-/- (n=16) mice were infected intranasally with 104 pfu of influenza x31 with uninfected 

controls for WT (n=3) and Tpl2-/- (n=7). At 9 dpi, the lungs were fixed in formalin, stained with 

H&E and scored. (A) Representative images of Tpl2-/- (top) and WT (bottom) lungs to highlight 

the alveolar septal necrosis (ASN), hyaline membrane and Type II Pneumocyte Hyperplasia 

(T2PH). Red arrowheads indicate ASN, black arrowheads indicate the hyaline membrane, and 

black carrots indicate T2PH. (B-K) Pooled scores for all lungs in the two groups. (L-N) Additional 

sections of the same lungs were stained with Masson’s Trichrome and scored for fibrosis.  Squares 

represent male mice, and circles represent female mice. Data are representative of 2 experiments. 

One-way ANOVA with Tukey’s multiple comparison test was performed. *p<0.05, **p<0.01, 

***p<0.001.  
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Figure 4.4. Blood counts indicate higher activity of cells involved in damage repair in Tpl2-/- 

mice at 9 dpi. (A-J) WT (n=10) and Tpl2-/- (n=8) mice were infected intranasally with 104 pfu of 

influenza A x31 with uninfected controls for WT (n=7) and Tpl2-/- (n=5). At 9 dpi, blood was 

collected from the mice by cardiac puncture and assessed for complete blood counts. Data are 
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representative of 2 experiments. Squares represent male mice, and circles are female mice. One-

way ANOVA with Tukey’s multiple comparison test was performed. *p<0.05, **p<0.01, 

***p<0.001.  
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Figure 4.5. Increased lung injury and edema are observed in Tpl2-/- mice at 9 dpi. (A-B) WT 

(n=21) and Tpl2-/- (n=19) mice were infected intranasally with 104 pfu of influenza x31 for 7 days. 

Blood was collected by cardiac puncture (A), and BALF was collected by intranasal instillation 

twice with the same 1 ml of PBS (B). LDH was measured as described in Materials and Methods. 

Data are representative of 2 experiments. Unpaired student’s t-test; *p<0.05, **p<0.01, 

***p<0.001. Squares represent male mice, and circles represent female mice. (C) WT (n=8) and 

Tpl2-/- (n=5) mice were infected intranasally with 104 pfu of influenza x31 for 9 days with 

uninfected controls for WT (n=5) and Tpl2-/- (n=2). At 9 dpi, blood was collected by cardiac 
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puncture. (C) LDH release was assayed as in B.  (D)  WT (n=8) and Tpl2-/- (n=7) mice were 

infected intranasally with 104 pfu of influenza x31 with uninfected controls for WT (n=5) and Tpl2-

/- (n=2). At 9 dpi, the lungs were collected, weighed, and dried for 7 days at 50°C before weighing 

again to calculate the pulmonary edema. One-way ANOVA with Tukey’s multiple comparison 

test was performed with *p<0.05, **p<0.01, ***p<0.001.  Squares represent male mice; circles 

represent female mice.  
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Figure 4.6. Influenza induced inflammation in Tpl2-/- mice results in damage that instigates 

the development of ARDS-like phenotype. In the lungs of influenza-infected Tpl2-/- mice at 7 

dpi, histology shows signs of alveolar septal necrosis (ASN) (de-structured lines) and 

inflammation of the pleura cavity (orange outline of the lung), along with the upregulation of the 

ARDS biomarkers mentioned in the box. By 9dpi, the ASN progresses further with the formation 

of the hyaline membrane (wedged lines), LDH in the BAL and blood spaces and pulmonary edema 

(fluid in the lungs, represented by the blue gradient of the lungs) resulting in morbidity and 

mortality of the mice.   
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Supplementary Figure 4.7. ARDS biomarker expression is dependent upon Tpl2 ablation in 

both radio-resistant and radiosensitive cells. (A-E) WT (n=10) or Tpl2-/- (n=12) mice were 

lethally irradiated and reconstituted with WT bone marrow. After two months, chimeras were 

infected with influenza A x31, and 8 dpi the lungs were homogenized (without perfusion or 

lavage). RNA was extracted for qPCR analysis of ARDS biomarkers. (F-J) WT mice were lethally 

irradiated and reconstituted with WT (n=9) or Tpl2-/- (n=9) bone marrow to make DD chimeras. 

After two months, chimeras were infected with influenza A x31 for 7 days, and the whole lungs 

were homogenized without perfusion or lavage.  RNA was extracted for qPCR analysis of ARDS 

markers by real-time qPCR. Data are representative of 2 experiments. Unpaired student’s t-test 

*p<0.05, **p<0.01. Squares represent male mice; circles represent female mice. 
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Supplementary Figure 4.8. Chimeras with Tpl2 ablation restricted to radiosensitive cells 

(DD) show no differences in influenza-induced weight loss despite higher CCL2 expression 

at 7 dpi. (A) Experimental schematic. WT mice were lethally irradiated and administered WT 

(n=9) or Tpl2-/- (n=9) mouse bone marrow the following day. After two months of reconstitution, 

chimeras were infected and studied for 10 days for clinical outcome and cytokine expression at 7 

dpi. (B) Weight loss curve shows that the chimeras do not display differential weight loss at 7 dpi 

and fully recover their weights by 10 dpi. Diamonds are used to represent that the data points are 

averaged for males and females. Data are representative of 5 experiments. (C-E) Cytokine 

expression at 7 dpi. Data are representative of 2 experiments. Unpaired student’s t-test *p<0.05, 

**p<0.01. Squares represent male and circles are female mice. 
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Supplementary Figure 4.9. ARDS biomarkers shows no overexpression for influenza 

infected Tpl2-/- mice at 9dpi.  

WT (n=15) and Tpl2-/- (n=11) mice were infected intranasally with 104 pfu of influenza x31. At 

9dpi, the whole (intact) lungs were harvested without perfusion or lavage and homogenized for 

RNA extraction for gene expression analysis by real-time qPCR. Data are representative of 2 

experiments. Squares represent male mice, and circles represent female mice. Unpaired student’s 

t-test *p<0.05.  
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CHAPTER 5 

CONCLUSION 

Early days post the influenza infection of the Tpl2-/- mice showed that the Tpl2 ablation lead to 

reduced levels of IFNλ, ISG  expression and IFN contribution from the pDCs222. While this 

impacted the viral titers (with delayed control), it could not explain the late appearance of the 

severely deteriorating clinical symptoms in the Tpl2-/- mice. On examination of influenza infected 

Tpl2-/- mice at 7dpi, when they commence to show differential weight loss compared to WT mice, 

we see excessive cytokine expression and cellular recruitment in the lungs of the Tpl2-/- mice315. 

While the IFN-β-CCL2 axis is responsible for the inflammatory monocyte recruitment, other 

chemokines like CCL3 and CXCL1(in the absence of T1 IFNs) are involved in the excessive 

neutrophil recruitment. Abolishment of the IFN signaling worsens the survival of infected Tpl2-/- 

mice, with a shift in the immune profile from monocytic to neutrophilic and increase in IFN-λ that 

might hamper repair. At the same time,  the Tpl2-/- lungs show signs of alveolar septal necrosis, 

pleuritis, higher cellular damage in BALF and overexpression of various ARDS biomarkers, 

suggesting that the widespread clinical damage to the lungs is due to the hypercytokinemia  

By 9dpi, IFN signaling pathway is being suppressed by SOCS1 activation, however it just slows 

down the inflammation and is unable to end it. At this point the Tpl2-/- lungs show worse alveolar 

septal necrosis with hyaline membrane formation, along with higher cellular damage, signs of 

dehydration and increased platelets (being recruited to repair) in blood. Furthermore, the 

inflammation induced damage at this point culminates in pulmonary edema, wherein the Tpl2-/- 

mice succumb to infection due to the development of ARDS.  
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Overall, the data shows us that Tpl2 is an important regulator of the inflammatory response at later 

timepoints post influenza infection. It also highlights the multifactorial role that Tpl2 plays in 

regulating IFN dependent and independent pathways, to then regulate various cytokines, 

chemokines, and downstream inflammatory cellular recruitment.  This study is also the first to 

show that Tpl2 serves a protective role during influenza-induced lung injury by preventing severe 

inflammation and ARDS development. While we have defined the immune response and related 

clinical impact of influenza infection in Tpl2-/- mice, it also opens up several avenues to explore in 

order to adapt this knowledge into combating such infections.  

Examination of the cytokine contribution from Tpl2 deficient radio-resistant versus radiosensitive 

compartments using chimera mouse models of infection, emphasized the contribution of both the 

compartments towards the hypercytokinemia seen in Tpl2-/- mice. Amongst the radio-resistant 

cells, on consideration of the source of the cytokine dysregulation, other studies in our lab have 

shown that Tpl2 deficient epithelial cells showed no cell intrinsic involvement in influenza 

infection (Wyatt, et al., unpublished) and we did not see any differential expression with alveolar 

macrophages (Supplementary Figure 2.13) at 7dpi. Meanwhile endothelial cells are known to 

express pro-inflammatory cytokines and mediators on influenza infection407,408/other 

diseases409,410.  Furthermore, the differential SOCS1 expression (that dampens the inflammation) 

does not seem to be sourced from the alveolar macrophages (data not shown). However, we do not 

know if the source is the epithelium, after crosstalk with the of the alveolar macrophage via the 

microvesicles (or other programmed mechanisms). In addition, the ARDS biomarkers that were 

upregulated in influenza infected Tpl2-/- mice, were mostly epithelial and endothelial in origin. 

Therefore, future studies will seek to further dissect the Tpl2-dependent host response to influenza 

infection within the different cellular compartments including the epithelium, endothelium, and 



 

151 

alveolar macrophages for their involvement towards severe influenza disease development and 

ARDS progression.  

It is challenging to examine the contribution of the alveolar macrophages in late stage influenza 

immune responses as they are depleted by 90% by 7dpi365. When exploring mouse models in order 

to localize the Tpl2 deficiency within alveolar macrophages, there are a very few viable options. 

One of the defining markers for alveolar macrophages is Siglec F, however Siglec F knockout 

mouse models are prone to excessive eosinophilla, which might introduce more variability when 

examining the response post influenza411. While there are quite a few depletion models based on 

the linking of the alveolar macrophage markers (like CD11c) with diphtheria toxin to conditionally 

deplete macrophages412, we need a system with viable macrophages lacking Tpl2. Blood 

monocytes, marked by CD115, were shown to replace the depleted alveolar macrophages, when 

injected into mice post depletion of the primary alveolar macrophage population in the CD11c-

DTR system413. Hence, we could conditionally knockout Tpl2 within CD115 expressing cells 

using the cre-lox system, to obtain Tpl2 deficient blood monocytes. We then deplete the alveolar 

macrophages in the CD11C-DTR mice, inject the Tpl2 deficient blood monocytes and allow for 

the macrophage reconstitution. Thus, we can now examine the effect of influenza in Tpl2 deficient 

alveolar macrophages. In a similar fashion, conditional knockouts with markers specific for 

endothelial cells, could also be used to localize the Tpl2 deficiency within the endothelial cells to 

examine their contribution to hypercytokinemia and ARDS post influenza infection. An alternative 

approach to examine the interaction of epithelium and endothelium without contribution from 

alveolar macrophages, would be by generating Tpl2-/-/CD11b-DTR DH chimera mice. First Tpl2-

/-/CD11b-DTR mice are generated by crossing Tpl2-/- mice with CD11b-DTR mice. Then these 

mice are irradiated along WT CD11b-DTR mice as controls. Both mice are given WT bone marrow 
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post radiation, allowed to reconstitute their immune cells, and finally depleted of alveolar 

macrophages using the diphtheria toxin. If alveolar macrophages are dominating the immune 

response to infection until their depletion at 7dpi, infection of these chimeras should yield the same 

results at earlier timepoints comparable to what we see in Tpl2-/- mice by 7dpi. Identification of 

the source of the hypercytokinemia, might also narrow the search for identifying the PRR stimulant 

(such as replication defective virus particles, Damage associated Molecular Patterns (DAMPs), 

etc) that in turn induces the hypercytokinemia. This would allow for development of therapeutics 

that can inactivate/neutralize these stimulators. Furthermore, establishing a model system focused 

on the Tpl2 regulation of alveolar macrophage function could also be extrapolated to other 

respiratory diseases like tuberculosis that also target these cells.  

In response to the functional regulation of TNFα by Tpl2 and the low homology of Tpl2 with other 

MAP kinases, Wythe and Abbott laboratories started research into small molecule inhibitors of 

Tpl2 as a therapeutic approach to dampen inflammation from primary human cells and treatment 

of Rheumatoid Arthritis414,415. Currently a Tpl2 inhibitor drug called Tilpisertib (formerly GS-

4875)  has reached phase II clinical trials for treatment of Ulcerative Collitis416. However, 

collective assessment of various studies show that Tpl2 regulation of inflammation is actually more 

cell and stimulus specific than what can be generalized. For instance, in some cancers tpl2 can be 

a proto-oncogene (with overexpression associated with tumors) 417–419, but in others it can also act 

as a tumor suppressor, especially lung carcinomas (wherein reduced expression of Tpl2 is the cause 

of tumor progression)420–423. In two pulmonary models of allergy, both studies highlighted the role 

of Tpl2 deficiency causing exacerbated Type-2 inflammation. However in the house dust mite 

allergy model, the inflammation was a result of Tpl2 deficiency in the DCs424, whereas in the 

ovalbumin model of allergy, the inflammation was attributed to the role of T cell regulation by 
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Tpl2, with the underlying cause being the polarization of Th2 cells 425. Comparing between two 

studies examining the role of Tpl2 in diabetes, one study found higher Tpl2 expression associated 

with increased cytokine expression in the adipose tissue without any systemic differences in insulin 

resistance426, thereby suggesting Tpl2 has more of an immune functionality. However the other 

study found that Tpl2 activity in macrophages induced inflammatory effects in adipocytes and 

developed insulin resistance leading to the development of diabetes427. In  an intestinal model of 

Dextran Sodium Sulphate (DSS) induced colon tumorigenesis, Tpl2 suppressed the production of 

HGF from intestinal myfibroblasts to prevent tumorigesis428; however in a model where the DSS 

induced colitis, it was found that Tpl2 deficiency reduced inflammation and thereby reduced 

colitis429. Therefore, we see that even in similar diseases, the Tpl2 expression can have different 

impacts depending on the cells examined for Tpl2 function, the cause of the disease and even the 

output being considered (like inflammation, insulin resistance, etc).  

In accordance with the above discussion of the intricate nature of Tpl2 regulation, the collective 

studies from our lab have shown222,315(Wyatt, et al., unpublished) that when responding to 

influenza, Tpl2 has a kinetic component spanning the duration of the infection. Cellular 

examination by culturing and stimulation222,228, can only be done for limited hours, and does not 

account for stimulation by other interacting partners. Hence a systematic examination of silencing 

Tpl2 (conditional whole body knockout) using a cre recombinant system inducible by tetracycline 

(as tamoxifen induces unwanted side effects430) would make studying the kinetics much easier. 

Additionally, instead of interfering with the expression of Tpl2, it would be more beneficial to 

focus therapeutic interventions on the downstream effectors of the hypercytokinemia phenotype 

such as on CCL2 and IFN-λ. While we did not see improvements in survival with blocking of 

CCL2 (data not shown), it would be beneficial to examine the immune response in the CCR2-/-
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/Tpl2-/- mice to compare the impact of monocyte recruitment with internal regulation of Tpl2 

within the monocytes. Blocking IFN-λ therapeutically in cases of hypercytokinemia might also be 

an interesting avenue to explore, as it may be more localized towards the pathological effects this 

late in the infection.  

This influenza-infected Tpl2-/- mouse model that culminates in ARDS, could enable us to better 

understand this aggressive disease and assist in the design of better diagnostics and treatments. Of 

the inflammatory mediators that we have accessed, we observed increased NOS2 expression in the 

Tpl2-/- mice at 7 dpi315. Nitric oxide is expressed in lungs of humans320,321, mice137,283 and even 

chicken322 on infection with highly pathogenic influenza viruses and mediate pulmonary damage. 

Additionally, pulmonary edema has been associated with the endogenous activity of NOS2 (Nitric 

Oxide synthase 2) in various models and clinical cases of lung injury, including hypercalcemia, 

endotoxin treatment, influenza, and ARDS399–402. NOS2 was also found to be required for 

pathologic vascular changes in the lungs403 and generation of Reactive Nitrogen Species(RNS)431 

that in addition with free oxygen radicals could damage the epithelial/endothelial cells403,432 to 

generate lung injury. The RNS generated by expression of inducible NOS2 was also found to 

increase stress markers in alveolar macrophages and epithelial cells in another model of lung 

injury433.Thus collectively, NOS2 is involved in the immune response as well as in ARDS 

development, upregulated in conditions of Tpl2 as well as IFNAR1 ablation and equally expressed 

from monocytes as well as neutrophils. Such a multifactorial expression and functionality, as seen 

here, suggests that it is indispensable and potentially under Tpl2 regulation as well. Hence it would 

also be interesting to study the regulation of NOS2 by Tpl2 using NOS2-/-/Tpl2-/- mice to evaluate 

the progress of the influenza infection. Furthermore, even in the influenza infected Tpl2-/- mice, if  

the NOS2 inhibitor Nomega-methyl-L-arginine (L-NMA)277 was used, would it prevent all 
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inflammation induced damage to prevent ARDS and allow the mice to recover is another point 

worth investigating. This would mean that therapeutics based on inhibition of NOS2 could be used 

to prevent severe infections from seasonal influenza, that result from a dysregulated immune 

response.  

In a study that examined the peripheral blood mononuclear cells of patients suffering from various 

respiratory infections by transcriptional analysis, compared to healthy human controls, several 

genes were found to be differentially regulated at various timepoints following infection. 

Tpl2/MAP3K8 was one such gene upregulated at 4dpi and associated with recovery of the patients 

suffering from influenza infection434. Thus, blood transcriptional expression of Tpl2 is associated 

with recovery in influenza infected humans. On the other hand, this could also mean that lack of 

Tpl2 expression could have some association with poor prognosis post influenza infection in 

humans. Thus, another direction this work can take is to generate the 7dpi transcriptional profile 

of the infected Tpl2-/- mice to compare with that of the patients that are suffering with severe 

influenza infection, to predict the severity of the disease. We do not know yet, if a transient 

dysregulation in the expression of Tpl2 during a seasonal influenza infection could be a involved 

progression to a severe case. Furthermore, if Tpl2 expression were to transiently fluctuate patients 

with known interferonopathies, the result would be even more detrimental, similar to the case of 

the influenza infected IFNAR1-/-Tpl2-/- mice. Hence having a viable diagnostic or prediction system 

would be invaluable as early antiviral treatment and early ARDS prevention would increase the 

odds of survival and speed up recovery. Unlike mice, human sampling sites are limited, so the best 

tissue for examination would be BALF or blood. If we could establish a transcriptional profile/ 

biomarker specific to Tpl2 ablation/inactivity with/without Interferon signaling from the BALF or 

Blood of the Tpl2-/- mice, we could then compare this to transcriptional profiles of patients in 
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various stages of influenza infection and categorize based on underlying medical/physical 

conditions (along with healthy controls). If comparisons of these datasets yield correlation with 

the influenza infected Tpl2-/- mice, then this could be established as a diagnostic profile for severe 

influenza and simultaneously function as a model to develop therapeutics against such cases.  

Tpl2 having a regulatory role in the immune response to influenza can also be extrapolated to other 

respiratory infections, especially since Tpl2-/- mice have already been shown to be more susceptible 

to tuberculosis infections228. This could be due to the underlying role of interferons in both 

infections or that they both involve the alveolar macrophages, however this merits further 

examination in both models. The lungs are subject to a lot more infectious agents including bacteria 

like Streptococcus pneumoniae, Staphylococcus aureus, Streptococcus pyogenes, Haemophilus 

influenzae and even viruses like respiratory syncytial virus (RSV), rhinovirus (RV), SARS, etc. 

Of these Streptococcus pneumoniae and Staphylococcus aureus are already notorious for co-

infection or super-infection after influenza435,436 and are likely nosocomial infections in older 

individuals hospitalized for influenza or given mechanical ventilation treatment for an extended 

period of time 235–237. Moreover examination of the role of Tpl2 in mechanical ventilator induced 

ARDS yielded conflicting results405,406, but there are other etiological agents like smoking, surgery, 

blood transfusion and so on that can be investigated in the context of how Tpl2 regulation of 

inflammation would influence the disease prognosis. Considering the ongoing worldwide disease 

burden, economic and mental health impact of SARS-CoV-2, in addition to being a respiratory 

virus that has been known to induce both excessive inflammation and ARDS, it is a very relevant 

and significant infectious agent to be considered here. Several studies have already shown the 

upregulation of MAP kinases437 and specifically Tpl2438,439 on infection of Airway Epithelial cells 

with SARS-CoV-2. This has raised the speculation of using the Tpl2 inhibitor as a therapeutic for 
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COVID-19. However, prior to this undertaking, the clinical and immune response should be 

examined in an in-vivo Tpl2 deficient system to examine the systemic, contiguous and longer-term 

impact of Tpl2 regulating the immune response to COVID-19. Moreover, such an examination 

would also have the benefit of yielding a larger set of druggable targets that could be targeted 

downstream, with more immediate relief and less off target side effects. Thus we can see that 

exploring the role of Tpl2 in regulating the immune response has a wide range of applications.  
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