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ABSTRACT 

Despite the central role of mitogen-activated protein kinase (MAPK) p38 in driving 

pathological inflammation - including during pulmonary injury - effective therapeutic targeting 

remains elusive. Atypical p38 signaling, mediated by interaction with the adaptor protein Tumor 

Growth Factor β Activated Kinase 1 (TAK1) Binding Protein 1 (TAB1) is activated only in 

pathological responses, representing a selective and alternative target during pulmonary 

inflammation. Our prior work established that G-protein coupled receptors (GPCRs) rapidly 

activate atypical p38 signaling in primary human endothelial cells, inducing vascular disruption 

and inflammatory cytokine production, potentially implicating atypical signaling in acute lung 

injury (ALI).  

However, there are key gaps in our knowledge about how atypical signaling differentiates 

from canonical activation and how this pathway impacts human health. Emerging evidence 

suggests that kinase activity is spatiotemporally regulated, and downstream signaling is mediated 

by spatially restricted substrate access. We hypothesize that differences in kinase localization and 

activity may be the driving factor behind the physiological effects of atypical p38 signaling. This 

work encapsulates the current knowledge on kinase localization dynamics and atypical signaling 



as emerging fields of study. Our studies branch into two projects, where we seek to elucidate the 

spatial dynamics of p38 activity and uncover the first known roles of atypical signaling in 

infectious pulmonary inflammatory disease progression. To accomplish this, we use a combination 

of in vitro studies utilizing Fluorescence Resonance Energy Transfer (FRET) microscopy paired 

with genetically encoded kinase activity reporters and in vivo studies of a mouse model of 

influenza infection. Our results indicate that canonical, MKK3/6-driven p38 activity via osmotic 

stress results in rapid, transient kinase signaling that is strongest in the nucleus. In contrast, atypical 

signaling by GPCR agonists initiates sustained signaling primarily in the cytosol and endosome. 

Additionally, we report that systemic knock-in mice deficient for TAB1-p38 interaction are 

protected from influenza-induced ALI as measured by weight loss curves, histopathological 

scoring, mRNA expression, and immune recruitment to the lung. The collective discoveries in this 

dissertation demonstrate the potential therapeutic benefit of targeting atypical p38 signaling and 

lay the groundwork for future studies exploring how spatially restricted kinase/substrate 

interaction contributes to pathological outcomes.  
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DEDICATION 

  
To my son,  

Marlo Robin Burton 
 

 
Secrets 

** 
You are made of secrets 

hidden in my life, 
slipped between my days, 

like a four-letter code 
written on the daily passages 
I search through while awake. 

I found one in springtime squalling rain, 
warmly drumming the windows, 

swelling puddles that ripple 
with each falling drop 

like tears 
reflecting the gray sky. 

I found one in the birdsong 
chiming in the branches 
high above our worries, 

lilts of laughter hidden in the leaves. 
I found one in the hope 

of March daffodils and April daisies 
dancing softly with the bees, 

transience shining in sunlit petals 
like the warm smile 
of a kept promise 
known only to us. 

 
 
 

 
 

 
You are made of secrets 
you’ve kept to yourself, 

woven in a perfect double helix 
transcribed and translated 

in the language of the stars. 
I will never stop searching, 

for each and every one I find, 
the rain and birdsong and smiling daisies, 

and all the ones I cannot imagine, 
my whole world and everything in it  

is a part of you. 
And all of me, too, 
is just a part of you. 

They fit safely into my heart 
where there’s always room to spare, 

for secrets are precious things, 
like birthday wishes 

whispered between you and little flames, 
that cast shadows a lifetime long 
and fill that cavernous emptiness 

with the light of dreams. 
There, in that place, 

I'll keep your secrets for you. 
** 
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CHAPTER 1 

Part 1 

ATYPIAL P38 SIGNALING, ACTIVATION, AND IMPLICATIONS FOR DISEASE1  

 

  

 
1 Burton, J.C., Antoniades, W., Okalova, J., Roos, M. M., & Grimsey, N.J. Int J Mol Sci, 22(8), April 2021. 
 Reprinted here with permission of the publisher  
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Introduction 

The p38 mitogen-activated protein kinase (MAPK) family are critical cellular signaling 

regulators that drive many physiological and pathophysiological pathways. Therefore, it is not 

surprising that since their discovery in 1994 1, over 45,000 research articles and reviews have been 

published describing the mechanism of p38 activation and the role of p38 during development and 

disease progression. The broader MAPK family includes c-Jun activated Kinase (JNK), 

extracellular signal-related kinase 1 and 2 (ERK1/2), and protein kinase B, also known as AKT 

kinase (AKT), all of which are critical in regulating a multitude of cellular processes from cell 

division to cell death and everything in between. Cellular stimuli/stress induces the activation of 

MAPKs, including hormones, growth factors, and cytokines, as well as environmental stressors 

such as osmotic shock, UV radiation, and ischemic injury 2. As such, p38 MAPKs have been the 

subject of intense study to generate clinically effective therapeutics. Despite ongoing clinical trials 

for many diseases, including ischemic cardiac damage, COPD, multiple cancers, various 

neuropathies, and ARDS/COVID-19, only one non-selective p38 inhibitor (pirfenidone) has been 

approved for clinical use to treat idiopathic pulmonary fibrosis 3, 4. An underlying contributor to 

the loss of efficacy and on-target toxicity of these drugs is thought to be due to the ubiquitous and 

critical role p38 plays in normal physiology. Additionally, almost all current approaches have 

centered around therapeutics that target the ATP binding site of p38 resulting in blockade of all 

p38 activity, both physiological and pathophysiological, regardless of the stimulus. Therefore, 

there is an increased focus on researching the downstream signaling targets of p38 induced only 

during disease progression, such as the critical inflammatory kinase MAPK activated protein 

kinase 2 (MK2), or the alternative p38 activation pathways selectively induced during 

inflammation and disease progression (see Fig. 1.1.1).  
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In light of the sheer volume of p38 research articles and the wealth of excellent reviews 

available, it would be impractical and redundant to cover all aspects of p38 MAPK signaling. 

Therefore, this review will initially provide a brief overview of the history of p38 and the many 

roles it plays in disease progression. This will be followed by a more focused examination of the 

novel atypical p38 activation pathways, specifically including atypical p38 activation by GPCRs, 

and their implications for disease progression and therapeutic intervention. In comparison to 

classical p38 activity, atypical p38 signaling has been understudied with only 44 publications, 

however this growing body of work represents a fresh perspective on p38 activity and function in 

disease.  

Classical Activation of Mitogen-Activated Protein Kinases (MAPK)  

The classical pathway for MAPK activation is through a three-tiered kinase cascade, where 

MAP kinase kinase kinases activate a MAP kinase kinase which in turn activate MAPKs such as 

p38 (Fig. 1.1.1). The most direct regulators of MAPK activity are the serine/threonine MAP2ks 

that phosphorylate conserved threonine sites on the activation loop of MAPKs 5. Phosphorylation 

of the activation loop induces a conformational change to open the substrate-binding site 6. One 

distinct feature of the subfamilies of MAPKs is their activating phosphorylation motifs. C-Jun N-

terminal kinases (JNK) feature a Thr-Pro-Tyr sequence, extracellular-signal-regulated kinase 

(ERK) have a Thr-Glu-Tyr sequence, and p38 MAPK uses Thr-Gly-Tyr 7. P38 MAPK was initially 

discovered as a MAP kinase activated in response to endotoxin with a sequence distinct from 

MAPK1 (ERK1) 1. Further studies revealed p38 to be activated by a pair of unique MAP2Ks 

(MAPKK3/MKK3 and MAPKK6/MKK6) 6, 8. 
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Activation of p38 by MAPKK3 and MAPKK6 

MKK6 and MKK3 share a high degree of sequence homology with an 86% amino acid 

identity and selectively activate p38 MAPK over other MAP2Ks 7, 9. MKK3/6 are ubiquitously 

expressed in all tissues, although MKK3 and MKK6 have differing expression levels 10, 11. While 

MKK3/6 preferentially activate p38 MAPK, they can also activate other MAPK family members, 

such as JNK 12. However, MKK3/6 are essential for classical p38 activation through 

phosphorylation of Threonine [T180] and Tyrosine [Y182] residues on the active loop of p38 13. 

Although under extreme conditions, p38 can also be activated by MKK4, typically selective to 

JNK 14. The functional role of MKK3/6 is further emphasized through embryonic lethality seen in 

MKK3/6 double knockout mice (mkk3-/-, mkk6-/-), suggesting functional conservation 14. While 

recent evidence demonstrates that MKK3 and MKK6 can differentially activate specific p38 

isoforms (see below) 15.  

MAP2Ks are activated by MAP3Ks, which are less specific than MAPK2Ks and activate an 

array of regulatory proteins. MAP3Ks are categorized into three broad families: MEK kinases, 

mixed lineage kinases (MLKs), and thousand and one kinases (TAOs) 2. Several factors regulate 

MAP3Ks, such as membrane recruitment, oligomerization, and phosphorylation 16. Over 50 

different MAP3Ks and adaptors can regulate MAP2K activation; many of the activation and 

recruitment mechanisms are still being actively investigated and substantial gaps remain in the 

pathways for activation. One example for adaptor mediated activation is the MAP3K transforming 

growth factor-β-activated kinase (TAK1) dependent MKK3/6 activation. TAK1 has a direct role 

in p38 MAPK activation as a mediator of the transforming growth factor-β signaling pathway 9, 12, 

and several other common inflammatory ligands including IL-1β, TNFα, and LPS 17-19. Critically, 

TAK1 is activated through direct binding to the adaptor proteins, TAK1 binding protein 1 and 2 
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(TAB1 and TAB2) 20. In contrast to the MKK3/6 dependent pathway recent studies have identified 

two atypical activation pathways, discussed below. 

Distribution, Activation, and Function of the p38 Isoforms 

There are four isoforms of p38 (α, β, γ, and δ). MAPK p38α is the founding member of the 

family and is ubiquitously expressed throughout the body. The four isoforms share a high degree 

of homology, p38β with 74% homology to p38α, p38γ with 63% homology to p38α, and p38δ 

with 60% homology to p38α 21-23. Contrary to p38α the other isoforms display differential tissue 

expression patterns. P38β is expressed mostly in the brain, heart, and lungs, p38γ is only expressed 

in skeletal muscle, and p38δ is expressed in the lungs and kidneys 13, 21-23. It is therefore not 

surprising that there is predicted to be little to no functional redundancy in their activity. MKK3 

and MKK6 can differentially activate the separate isoforms, but all isoforms can be activated by 

MKK6 15. For example, MKK3/6 are both essential for activation of p38β and p38γ after 

environmental stress. While MKK6 regulates p38γ after TNFα stimulation, MKK3 activates p38δ 

after UV radiation, hyperosmotic anisomycin and TNFα stimulation 15. Furthermore, p38δ is 

activated by MKK4 more so than the other isoforms 24. Even though p38α and p38β experience 

similar phosphorylation levels, activation of p38β is more often carried out by MKK6 15, 21. 

Opposingly, MKK3 is demonstrated to be the primary activator of p38δ 15. The third isoform, 

p38γ, can be activated by MKK3 and MKK6 15.  

Notably, p38α the only isoform that is essential for embryonic development, where it regulates 

placental vasculogenesis and morphogenesis 25, 26. Additionally, while some studies argue for it, 

p38β cannot compensate for p38α-controlled embryonic development, and it has instead been 

suggested that p38β is redundant when in the presence of a functional p38α 27, 28. 
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The differential activation and signal transduction by MAPKs appear to be in part regulated 

by binding to specific scaffold proteins 29-32. Scaffolding proteins residing in different subcellular 

locations may assist in the spatiotemporal activation of MAPKs. An example of which is osmotic 

stress that induces the formation of a complex, including Rac GTPase osmosensing scaffold for 

MEKK3 (OSM), MEKK3, and MKK3 for specific activation of p38 33. In comparison, the PB1 

domain of MAPK kinase of ERK kinase (MEK2) drives endosomal ERK1/2 activation 34. 

Furthermore, recent studies have shown that GPCR ubiquitination causes p38α activation through 

an atypical mechanism, utilizing TAB1 and TAB2 to form a signaling complex at endosomal 

structures to enhance vascular inflammation and endothelial barrier disruption 31. 

P38 Substrate Activation 

As the downstream signal transduction pathways for p38 are highly complex, we refer the 

reader to several outstanding and exhaustive reviews 35-37. Briefly, the first downstream targets 

identified for p38 MAPK were the mitogen activated protein kinase-activated protein kinase 2 and 

3 (MAPKAPK2, MAPKAPK2/3 or MK2, MK3 respectively)38, 39. Phosphorylated MK2 and MK3 

can then further activate other substrates such as cyclic AMP-responsive element binding protein 

(CREB)40 and heat shock protein 27 (HSP27) to regulate actin filament remodeling 41. MK2 is also 

an important regulator of post-transcriptional regulation of gene expression through modulation of 

adenylate-uridylate-rich elements (ARE)-binding proteins tristetraprolin (TTP) and HuR 

(reviewed here 42). Whereas mitogen- and stress-activated kinase 1 and 2 (MSK1 and MSK2) 

translocate to the nucleus to mediate activation of nucleosome components and transcription 

factors 43.  

There are over 100 substrates identified for the p38 family with selective activation of specific 

substrates determined by the stimulation mechanism, including inflammation, DNA repair, cell 
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differentiation, stem cell physiology, stress responses, and neuronal function 35, 36, 44.  An 

interesting problem in the field is determining how p38 can selectively modulate subsets of target 

proteins in different disease settings. One clue is that activation of p38 never occurs in isolation, 

with multiple signaling pathways working in synergy to regulate physiological outcomes. P38 

substrate expression levels are often dynamically regulated and cross-talk between different 

signaling pathways are likely to contribute to the availability of specific substrates. Likewise, the 

magnitude of p38 activation, which is often robustly activated during disease is likely to influence 

which substrates can be phosphorylated and for how long. This raises the question of how p38 

MAPK signaling can be turned off. 

Signal Termination 

 With p38 MAPK playing a critical role in many cellular functions, dephosphorylation of 

both threonine and tyrosine residues in the active loop is required for inactivation of the kinase 

and signal termination. The most widely studied family responsible for dephosphorylating p38 are 

the dual specificity phosphatases (DUSPs) also referred to as MAPK phosphatases (MKPs). The 

DUSP family can dephosphorylate all members of the MAPK family. However, DUSP1/MKP1, 

DUSP10/MKP5, DUSP26/MKP8, and DUSP12 display a higher degree of specificity to p38α than 

the other DUSP family members 45-47, whereas no DUSPs have been reported for p38δ and p38γ. 

Recent studies have shown that temporal oscillations of MPK1 are key to robust proinflammatory 

gene expression 48. Additional studies are required to determine whether the same phenomenon is 

displayed by all DUSP family members and whether MKP1 oscillations are required for all p38α 

activity. In addition to the DUSP family members, protein phosphatase 2 (PP2) 49, Wip1 50, and 

Calcyclin binding protein/Siah-1 interacting protein (SIP1)51 have all been shown to 

dephosphorylate p38. However, the broader roles of these phosphatases has yet to be established.   
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Molecular Inhibition 

Since its discovery, p38 has been recognized as a potentially critical therapeutic target 52, 53. 

Multiple small molecule p38 kinase inhibitors have since been developed with tremendous 

specificity, largely owing to the rich structural information generated by X-ray crystallography 

studies available for the p38 family of kinases 54-56. Many of these compounds have entered clinical 

trials, as shown in [Table 1.1.1]. These include inhibitors for the p38 kinase family (doramapimod, 

ralimetinib, losmapimod) as well as more specific p38α inhibitors (PH-797804 and related 

pyridinone scaffold inhibitors). Pyridinone inhibitors exploit a unique binding model of a dual H-

bond motif involving Met109 and Gly110 residues with a flipped backbone conformation of 

Gly110 in its apo state 57, 58. The unique methionine and glycine configuration in the gatekeeper 

region is only conserved in the human kinome in p38α/β and Myt-1, the latter of which bears little 

kinase resemblance to the former and has not shown to be cross-reactive with pyridinone scaffold 

inhibitors 59. Specific p38 inhibitors almost invariably have been designed to target p38 kinase 

activity, primarily through binding to or near the ATP-binding pocket, and display effectiveness 

at selectively inhibiting p38 in preclinical studies 57, 60. In early-stage investigations, many of these 

inhibitors show anti-inflammatory efficacy and favorable toxicity profiles 61-65, but so far none 

have achieved prolonged efficacy against chronic inflammatory disease, and only the p38γ 

inhibitor pirfenidone has reached the market for treatment of idiopathic pulmonary fibrosis. Many 

promising compounds have been reassigned for further investigation as combinatorial therapies 

such as purposing ralimetinib for combination therapy in breast cancer (ClinicalTrials.gov ID: 

NCT01663857). Such an approach has proven effective for improving  

existing therapies, as seen in a study of doramipimod administration alongside antibiotics 

improving mycobacterium clearance in mice 66, and the well-studied losmapimod is currently  
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Compound Isoform specificity  Diseases Targeted Identifier 

AZD7624 P38α, P38β Endotoxin-induced inflammation, COPD 
NCT01937338 
NCT02238483 

LY2228820 
 (Ralimetinib) 

P38 pan-inhibition 
Ovarian cancer, Glioblastoma (both concomitant), 

Metastatic breast cancer 

NCT02322853 
NCT02364206 
NCT01663857 
NCT01393990 

LY3007113 P38 pan-inhibition Metastatic cancer NCT01463631 

VX-745 (Neflamapimod) P38α 
Alzheimer’s disease, Huntington disease, Lewy 

body dementia 

NCT03980938 
NCT04001517 
NCT03402659 
NCT03435861 

VX-702 P38α Rheumatoid arthritis 
NCT00395577 
NCT00205478 

PH-797804 P38α Rheumatoid arthritis, COPD 
NCT01321463 
NCT00559910 
NCT01589614 

SB681323 
(Dilmapimod) 

P38α 
Neuropathic pain, COPD, ALI/ARDS, Coronary 

heart disease 

NCT00134693 
NCT00564746 
NCT00390845 
NCT00144859 
NCT00320450 
NCT00996840 
NCT00291902 

Losmapimod GW856553X or GSK-
AHAB 

(Losmapimod) 
P38 pan-inhibition 

Acute coronary syndrome, COPD, Neuropathic 
pain, SARS-CoV-2, Atherosclerosis, Acute 

coronary syndrome, Focal segmental 
glomerulosclerosis, Facioscapulohumeral 

muscular dystrophy 
 

NCT04264442 
NCT04511819 
NCT02000440 
NCT02299375 
NCT04003974 
NCT01541852 
NCT01756495 
NCT02145468 
NCT01218126 
NCT00633022 

BMS-582949 P38 pan-inhibition Arterial inflammation, Atherosclerosis 
NCT00162292 
NCT00399906 

ARRY-371797 P38α 
LMNA-related dilated cardiomyopathy, 

Rheumatoid arthritis, Osteoarthritis of the knee, 
Ankylosing spondylitis 

NCT02351856 
NCT03439514 
NCT00729209 
NCT01366014 
NCT00811499 

PF-03715455 P38α Asthma, COPD 
NCT02219048 
NCT02366637 

BIRB 796 (Doramapimod) P38 pan-inhibition 
Crohn’s disease, Plaque-type psoriasis, 

Rheumatoid arthritis, Endotoxin-induced 
inflammation 

NCT02214888 
NCT02209753 
NCT02209792 
NCT02209779 
NCT02211170 

SCIO-469 (Talapimod) P38α Rheumatoid arthritis, Multiple myeloma 

NCT00095680 
NCT00087867 
NCT00043732 
NCT00508768 
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Pirfenidone P38γ Idiopathic pulmonary fibrosis NCT03208933 

BCT-197 (Acumapimod) P38α COPD 
NCT01332097 
NCT02700919 

 

Table 1.1.1 Clinical Trials Targeting MAPK p38  
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being evaluated in a clinical trial for safety and efficacy to treat SARS-CoV-2 (ClinicalTrials.gov 

ID: NCT04511819).  

The consistent short-lived efficacy of current inhibitors suggests that compensatory 

inflammatory pathways are upregulated over time in response to total p38 activity inhibition. 

While p38 has been many well-designed investigations studying p38 as a therapeutic target, there 

remains much unknown about p38 subcellular localization and access to downstream substrates 

after stimulation, especially pertaining to MKK3/6 verses atypical activation. Current 

investigations into inhibitor design are shifting away from targeting the catalytic site of p38 and 

instead focus on substrates and downstream signaling pathways 67-72. Future therapeutics could 

avoid long-term efficacy issues from targeting the catalytic site by focusing on alternate drugable 

sites on p38. Several promising leads have recently been discovered. One example is a lead 

compound UM101, that binds to the glutamate-aspartate (ED) substrate-docking site rather than 

the catalytic domain. UM101 is selective for p38α and able to suppress LPS induced acute lung 

injury in mice, inflammation, and endothelial barrier disruption in mice, while leaving anti-

inflammatory MSK1 activation intact 68. Another example targets a unique binding pocket in 

p38α, that is only bound by the adaptor protein TAB1 during atypical p38 activation. A virtual 

screen has revealed several promising lead compounds and is described in the following section 

73. However, these compounds have yet to be assessed in cell based or animal models.  

As such, these new generation of selective atypical targets provide a promising new direction 

for clinically viable approaches for anti-p38 therapeutics. Furthermore, it is predicted that the 

combinatory therapies described above will provide a template moving forward to enable clinically 

viable strategies to target p38 activity.  
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Mechanisms of Atypical p38 Activation  

MKK3/6 kinase activity is widely considered to be the primary mechanism for p38 

phosphorylation. Nevertheless, there is a growing body of evidence to support alternative 

mechanisms for p38 activation (Fig. 1.1.1, A-C). Two "atypical" or MKK3/6 independent 

mechanisms exist that facilitate activation of the p38α through autophosphorylation in cis, true 

autophosphorylation rather than phosphorylation of a neighboring p38 74. The first example of 

atypical p38 signaling was discovered in 2002, when p38α was shown to directly associate with 

transforming growth factor  β activated kinase 1 (TAK1) binding protein 1 (TAB1), an adaptor 

protein critical for both TGFβ and TAK1 signaling 75. During osmotic stress responses 76, TAB1 

is responsible for oligomerization and autophosphorylation of TAK1 after O-glycosylation, 

leading to TAK1 activation 77, 78. Conversely, in atypical p38 signaling, TAB1 binds directly and 

selectively to two discrete binding domains on p38α. Specifically, TAB1 residues 404-412 interact 

at a canonical site used by other p38 substrates, including MKK3 and MEF2a, and residues 389-

394 bind to a non-canonical binding site on the c-terminal lobe of p38α. This site does not exist 

on any of the other p38 isoforms, and at the time of writing, no other proteins have been shown to 

bind to the same site on p38α 67, 71. The direct interaction of TAB1 with p38α induces a 

conformational change moving the active loop into the catalytic domain and enhancing ATP-

binding, thus enabling cis-autophosphorylation of the active loop at Thr180 and Tyr182 74. 

Consequently, this leads to p38-induced phosphorylation of TAB1 at Ser423, downregulating 

TAB1 binding to TAK1 and inhibiting TAK1 mediated MKK3/6 activation 79. Additional studies 

have also shown that TAB1 phosphorylation can alter its intracellular localization, where increased 

phosphorylation at S452/453/456/457 blocks its nuclear translocation causing TAB1 retention in 
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the cytosol 80. Intriguingly, TAB1 remains bound to p38α potentially suppressing the capacity of 

nuclear translocation 71.  

Reactive oxygen species are thought to be the initial driving force behind atypical p38 

signaling in cardiac ischemia-reperfusion damage 71, 81. Similarly, cigarette smoke extract (CSE) 

induced oxidative stress in fetal tissue upregulating TGFβ production and resulting in TAB1-

mediated p38 phosphorylation in a manner independent of TAK1 signaling or the ASK1-

signalosome 82. In a separate cardiac ischemia model, the p38-TAB1 interaction is upregulated in 

an AMPK-dependent manner 83 (Fig. 1.1.1, B ii). The interaction is negatively regulated by the 

HSP90/CDC37 chaperone complex in myocytes 84. TAB1 expression is also negatively regulated 

by the E3 ligase itch through ubiquitin-mediated degradation. There are dramatically increased 

dermal inflammation levels in an MKK3/6 independent manner in the itch-deficient mice 85. The 

WW-domain in itch binds directly to a conserved PPXY motif in TAB1 (aa145-148). This 

interaction drives TAB1 K48-linked ubiquitination to regulate TAB1 turnover/degradation. TAB1 

expression is significantly elevated in the absence of itch, leading to enhanced atypical p38 

activation and increased cytokine production, including interleukin-6 (IL-6), interleukin-1beta (IL-

1β), interleukin-11 (IL-11), and interleukin-19 (IL-19). Critically, Wang et al. in 2013 developed 

a peptide inhibitor fused to the HIV-TAT peptide, generating a cell-penetrating peptide inhibitor 

that selectively disrupts the TAB1 interaction with p38, substantially attenuating atypical p38 

activation 86, 87. When used in the itch-/- mice, the peptide blocked atypical p38α signaling and 

dermal inflammation was significantly suppressed 85.  Further studies have shown that mutation 

of a critical proline proximal to the p38 binding peptide of TAB1 [P419] blocks TAB1 binding to 

p38α and prevents atypical p38α signaling 31, 74, 88, as does mutation of four key residues within 

the p38α binding peptide of TAB1 [V390A, Y392A, V408G, and M409A] 71, 74. Critically, unlike 
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the systemic knockout of TAB1 or p38a, which are embryonically lethal 25, 89, the TAB1 knock-in 

(TAB1-KI) mouse displays no physiological abnormalities but is protected from myocardial 

ischemic damage 71.  

This critical interaction provides a novel opportunity to further develop the peptide inhibitors 

or screen for small molecule inhibitors to target atypical p38 signaling selectively. Indeed, using a 

virtual small fragment screen, a group of functionalized adamantanes, specifically 3-amino-1-

adamantanol, was found to bind to a critical hydrophobic pocket, forming hydrogen bonds with 

two key residues, leucine 222 and 234, in the non-canonical TAB1 binding site on p38α. Further 

screening found there to be three distinct fragment binding sites within the non-canonical binding 

site. Linking sulphonamide scaffolds to the adamantanol generated a small molecule with a high 

affinity to the three regions in the non-canonical binding site 67. Additional development of these 

compounds will hopefully yield a viable therapeutic. However, it remains to be shown whether 

these lead hits can block atypical p38 signaling in cells or in vivo. 

Despite these detailed studies describing the exact molecular mechanism of TAB1-p38α 

interaction and degradation, there are significant gaps in our understanding, specifically for how 

osmotic stress, oxidative stress, LPS, or inflammatory cytokines such as TNF-α and IL-1β initiate 

the TAB1-p38α interaction and atypical p38 signal transduction. Conversely, recent studies have 

shown that a family of G protein-coupled receptors (GPCRs) can initiate the TAB1-p38 interaction 

through a novel ubiquitin-driven pathway (described below and Fig. 1.1.1, B). This is the first 

example of a clearly defined mechanism for the induction of atypical p38 signaling and 
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Figure 1.1.1: Mechanisms of MAPK p38 activation: A) Inflammatory ligands and 
environmental stress triggers the activation of a three-tiered kinase cascade. Environmental or 
inflammatory ligands induced the activation of MAP3Ks through a complex array of different 
mechanisms. MAP3Ks then activate the critical MAP2Ks, MKK3, MKK6, or (less commonly) 
MKK4. These MAP2Ks can then differentially activate the four isoforms of p38 (α, β, γ, and δ). 
B) The known mechanisms for atypical p38 signaling are i) GCPR stimulation triggers G-protein 
dependent c-Src phosphoactivation of the E3 ubiquitin ligase NEDD4-2. GPCRs recruit and are 
ubiquitinated by NEDD4-2. K63 ubiquitin chains recruit the Ubiquitin binding adaptor protein 
TAB2. In turn, TAB2 then recruits TAB1 binds and induces p38α autophosphorylation. ii) 
Oxidative stress triggers TGFβ activation with drive TAB1 and p38 activation, although the exact 
mechanism is unclear. iii) Ischemia or hypoxia events drive activation of AMP-activated protein 
kinase (AMPK), which in turn promotes the formation of the TAB1- p38α complex and p38α 
autophosphorylation. This process is negatively regulated by the heat shock protein 90 (HSP90)-
Cdc37 complex. C) T-cell receptor (TCR) ligation to major histocompatability complex (MHC) 
drives intracellular activation of the src-family zeta chain associated protein kinase 70 (Zap70). 
Zap70 phosphorylates p38 at Tyrosine 323, enabling autophosphorylation of p38α, or β. 
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demonstrates conservation of the mechanism for at least 4 GPCRs critical for vascular 

inflammatory signaling and vascular homeostasis 31, 32, 90. 

In addition to TAB1, a second discrete mechanism for p38 autophosphorylation has also been 

demonstrated through src-family zeta chain associated protein kinase 70 (Zap70). This pathway is 

critical for T-cell activation through a T-cell receptor (TCR) specific mechanism 91. In contrast to 

TAB1-mediated autophosphorylation, p38α and p38β isoforms are phosphorylated at Tyr323 by 

ZAP70, leading to dimerization and mutual trans-autophosphorylation of the kinases at Thr180 

alone. Tyr323 is located on the L16 loop of p38, facilitating this autophosphorylation by inducing 

a shift in the flexible phosphorylation lip of p38 (residues 171-183) 92. Together, both TAB1 and 

ZAP70 mediated autophosphorylation of p38 reveal the kinase's atypical activation in an MKK3/6 

independent manner. The functional significance of these distinct activation mechanisms is still 

unclear. Additional studies are required to elucidate how atypical activation alters p38α substrate 

activation and induction of distinct signal transduction events. Notably, p38α is phosphorylated at 

the same sites in both canonical and TAB1-mediated signaling, indicating that differential 

downstream signaling may instead be regulated in a spatiotemporal context rather than kinase 

functionality. 

Activation of Atypical p38 by GPCRs 

As the most extensive and versatile family of membrane proteins, G protein-coupled receptors 

(GPCRs) regulate many cellular pathways by activating MAPKs via G protein-dependent and 

independent mechanisms 93-97. Many of the GPCR family can activate p38α, but until recently, the 

mechanism for GPCR mediated p38α activation remained unclear or was predicted to be 

controlled through the classical MKK3/6 pathway. However, several recent studies have linked 

vascular inflammatory GPCRs to the activation of the TAB1-dependent atypical p38 signaling 
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pathway 31, 32, 75, 90, 98, 99. The initial studies examined thrombin-mediated activation of the protease-

activated receptor 1 (PAR1) in vascular endothelial cells. The authors noted that after activation, 

PAR1 was ubiquitinated, despite being trafficked and degraded in a ubiquitin-independent manner 

98, 100-102. α-Thrombin, activation of PAR1 induces the receptor to couple to the G protein subunits 

Gαq or Gα12/13 to induce activation of the proto-oncogene tyrosine-protein kinase c-Src (Src short 

for sarcoma) and subsequent activation of the E3 ubiquitin ligase, neural precursor cell expressed 

developmentally downregulated 4-2 (NEDD4-2) 32. NEDD4-2 is one of a family of nine 

Homologous to E6-AP Carboxy Terminus (HECT) domain-containing E3 

ligases and mediates the covalent coupling of ubiquitin to the intracellular c-tail or intracellular 

loops of GPCRs 31, 90. C-Src activates NEDD4-2 through tyrosine phosphorylation of a critical 

tyrosine residue, Y485, on a linker peptide between WW domain 2 and 3 (2,3 peptide). This 2, 3-

linker peptide acts as a molecular switch that holds NEDD4-2 in an inactive conformation. 

Phosphorylation of Y485 by c-Src induces a conformational change that releases NEDD4-2 from 

an autoinhibited state. After activation, most likely at the plasma membrane, NEDD4-2 is recruited 

to PAR1, leading to PAR1 ubiquitination 32, although the exact mechanism as to how NEDD4-2 

is recruited to PAR1 is unknown. Traditionally, GPCR ubiquitination serves as a sorting signal to 

cause endolysosomal trafficking and protein degradation 31, 98. However, in this case, NEDD4-2 

mediated ubiquitination drives the recruitment of the TAB2-TAB1-p38 signaling complex 31, 32, 90, 

98. TAB2 has an NP14 zinc finger (NZF) domain that binds to the lysine 63-linked NEDD4-2 

ubiquitin chains and functions as an adaptor protein. It is predicted but has not been conclusively 

shown that TAB2 subsequently binds to and recruits TAB1 and p38α, inducing p38α 

autophosphorylation and TAB1 phosphorylation 31, 103. Interestingly, a structural homolog to 

TAB2, TAB3, is also able to bind to TAB1 to produce p38 pro-inflammatory signaling by GPCRs. 
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However, it is not known what the contribution of each homolog is when expressed in the same 

cell or whether they are functionally redundant 90. As stated above, the ubiquitinated endosomal 

receptors nucleate the formation and activation of the TAB1-p38α complex and increase TAB1 

phosphorylation and stability 31. It is still unclear whether GPCR activated TAB1 sequesters p38 

in the cytosol. Likewise, it is not known how TAB1-p38 signaling is terminated. 

Importantly, this pathway is not unique just to PAR1 and α-thrombin. NEDD4-2 dependent 

regulation of atypical p38 signaling is also conserved for the purinergic receptor P2Y1. 

Furthermore, a recent study also demonstrated that the pathway is conserved for prostaglandin E2 

(PGE2), histamine, ADP, and α-thrombin mediated p38 activation and inflammatory cytokine 

production in primary human microvascular and macrovascular endothelial cells. Additional 

studies are required to determine how many GPCRs utilize this pathway, whether atypical p38 

signaling is critical for all cells, and how it selectively contributes to pathophysiological responses. 

Pathophysiological Implications of MKK3/6-Dependent p38 MAPKs  

As p38 MAPKs play a critical role in the modulation of many physiological processes, the 

dysregulation of their signaling pathways can result in the pathogenesis of a range of inflammatory 

diseases, neurological diseases, retinopathies, and cancers. There have been multiple recent 

outstanding studies and reviews that extensively cover the many pathological pathways controlled 

by classical p38 signaling, and a small example are highlighted in [Table 1.1.2]. 

Early studies revealed that p38 MAPKs have a central role in developing various chronic 

inflammatory diseases due to pro-inflammatory cytokine (PIC) production 35, 104. Specifically, 

p38α MAPK signaling regulates the biosynthesis of many inflammatory mediators in cells of the  
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Table 1.1.2: Pathological Role of p38 MAPK Signal Transduction in a Variety of Diseases 

 Disease Pathological outcome References 

Cardiovascular Myocardial Infarction/ 
Ischemia-Reperfusion  

Induces overexpression of pro-inflammatory cytokines like IL-6, TNF-α, and IL-1   
elevates intracellular calcium (Ca2+

i) levels, inflammation, and apoptosis 

71, 105-114 

 Diabetic Cardiomyopathy Overexpression of pro-inflammatory cytokines induces cardiomyocyte apoptosis 115, 116 

 Atherosclerosis Promotes ANG-II dependent MerTK shedding in macrophages resulting in 
defective efferocytosis and, in turn, induces plaque progression 

117-121 

Pulmonary Chronic Obstructive  
Pulmonary Disease (COPD) 

Activates transcription factors and induces overexpression of pro-inflammatory  
cytokines and chemokines, amplifying lung inflammation 

122-127 

 Acute Respiratory Distress  
Syndrome (ARDS) 

Induces decreased corticosteroid responsiveness, alveolar macrophage induced  
impairment of respiratory function, overexpression of pro-inflammatory cytokines  
like IL-6, IL-8, TNF-α and IL-1β 

105, 128-130 

 Acute Lung Injury 
(ALI) 

Induces overexpression of pro-inflammatory cytokines like IL-6, TNF-α, and IL-1   
cell apoptosis  

61, 131-134 

 Viral Infections and  
SARS-CoV-2 

Induction of type 1 interferons, expression of IL-12, promotion of viral replication   
expression of pro-inflammatory cytokines resulting in inflammation, thrombosis,  
vasoconstriction in SARS-CoV-2 

61, 135-137 

Oncology Non-Small Cell Lung Cance  
(NSCLC) 

Enhances proliferation, migration, chemoresistance, Inflammatory cytokine  
expression 

138-144 

 Head and Neck Small Cell  
Carcinoma (HNSCC) 

Inhibition of p38 increases HNSCC sensitivity to cisplatin, cannabinoids promote  
progressive HNSCC via p3842, increases mRNA stability via MK2, p38 isoforms  
as a diagnostic of HNSCC, regulates angiogenesis and lymphangiogenesis 

145-148 

 Breast Cancer Elevated p38δ levels promote cell detachment, migration, invasion, and increased  
metastatic lesions, inhibition of p38 triggers DNA damage and tumor cell death 

141, 149, 150 

 Bladder Cancer Induces cell invasion and metastasis by increasing MMP-2 and MMP-9 Activity 143, 151 

Neurodegenerative Alzheimer's Disease Elevated p-p38 levels progress neuroinflammation tau phosphorylation,  
neurotoxicity, and synaptic dysfunction 

152-155 

 Parkinson's Disease p-p38 overload induces a COX-2 mediated inflammation and subsequent  
dopaminergic neuron degeneration 

156-158 

 Amyotrophic Lateral  
Sclerosis (ALS) 

Induces defects in axonal retrograde transport of signaling endosomes 159-161 

 Spinal Muscular Atrophy Induces p38 MAPK-dependent p53 phosphorylation leading to selective  
degeneration of motor neurons 

162 

Ocular Age-Related Macular  
Degeneration (AMD) 

Induces VEGF expression and angiogenesis, regulates Ang-II mediated MMP-2  
and MMP-14, basigin expression, and extracellular matrix accumulation in AMD 
 

163, 164 

 Diabetic Retinopathy ASK/p38 NLRP3 inflammasome signaling, retinal angiogenesis, retinal endotheli   
cell dysfunction, inner-blood-retinal-barrier leakage 
 

116, 165-169 

 Glaucoma Induces anterograde transport degradation and axon degeneration in the optic nerv  170, 171 
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immune system, epithelial cells, fibroblasts, and endothelial cells 172. These mediators' excessive 

production is associated with the pathological progression of acute and chronic inflammatory 

diseases including chronic obstructive pulmonary disease (COPD), rheumatoid arthritis (RA), 

gastritis, and psoriasis 35, 173, 174. However, the story is complicated by a dichotomy of responses 

where p38 can exert both pro- and anti-inflammatory effect during disease progression. P38 can 

directly phosphorylate pro-inflammatory transcription factors such as MEF2C 175, and indirectly 

regulate inflammatory cytokine production through the MK2/3-TTP axis, where p38 

phosphorylation of TTP prevents TTP dependent degradation of AU-rich cytokine mRNA, leading 

to an accelerated inflammatory responses 39, 42, 140. As such p38 is an essential driver of 

inflammatory mediators such as COX2, MMP9, iNOS, TNFα, and IL6 36, 176-179. Conversely, p38 

also plays a central role in anti-inflammatory signaling. An example of this is p38 dependent 

regulation of IL10, a powerful anti-inflammatory cytokine which is important in resolving 

inflammatory insults 180, 181. IL10 expression is regulated through p38 activation of MSK1/2. 

Additionally, MSK1/2 also enhances DUSP1 expression which is required to restrain damaging 

hyperinflammation through dephosphorylation of p38 as described above 182.  

Likewise, there is strong evidence for p38 in both tumor suppressive cellular homeostasis, 

balancing proliferation, differentiation, and apoptosis, and tumor promoting roles through 

promoting cell survival, proliferation and angiogenesis 144. Furthermore, p38 can both sensitize 

some tumor types to chemotherapy and facilitates resistance in others, where p38 inhibition may 

be beneficial in therapeutic approaches 144, 183-185. Of note, p38 MAPK activity and increased 

expression have been linked to the progression of breast cancer, prostate cancer, bladder cancer, 

liver cancer, lung cancer, and thyroid cancers, leukemia, and many more 35, 143, 186, 187. In solid 

tumor biology, the p38 MAPK pathway has been shown to promote tumor cell survival and 
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angiogenesis during periods of hypoxia, reoxygenation, and nutrient deficiency by inducing 

expression of metalloproteinases and vascular endothelial growth factor A (VEGFA) 143. The 

context-dependent functions of p38 are therefore critical to determine the therapeutic potential of 

p38 inhibitors in cancer treatment, although p38 therapeutics have so far been unsuccessful in 

clinical trials. 

In a similar manner, MAPK p38-induced cytokine expression during neuroinflammation 

accelerates the development of chronic neurodegenerative diseases such as multiple sclerosis (MS) 

188, Alzheimer's disease (AD) 152, and Parkinson's disease (PD) 156, potentially through 

dysregulation of the neurovascular unit. Additionally, during the pathophysiological progression 

of AD, elevated p38α MAPK signal transduction in both microglia and astrocytes results in 

subsequent neuroinflammation driving detrimental tau phosphorylation 153, 154, 156. Conversely, 

p38γ signaling has recently been shown to mediate site-specific increase post-synaptic tau 

phosphorylation and reduce Tau-mediated memory deficits 155. Furthermore, p38 MAPK 

mediated, microglial signaling is vital in dopamine neuron degeneration in PD patients 189. Again, 

these data suggest that p38 therapeutics targeting the ATP pocket or catalytic domain are likely to 

be unsuccessful due to the dual roles of p38 in both physiological, protective, and pathological 

signaling.  

Pathophysiological Implications of Atypical p38 Signaling 

Contrary to the highly studied MKK3/6 dependent pathway, the impact of TAB1-p38-

dependent signaling in physiology and disease remains largely understudied with just 44 research 

articles on the subject (Table 3). As mentioned above, the recent development of the viable p38α-

KI mouse 190 or the TAB1-KI mouse 71 suggests that perturbation of the atypical pathway is less 

critical for developmental and physiological signaling compared to the embryonically lethal 
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systemic knockout of p38α or TAB1 25, 89. It is perhaps then not surprising that atypical p38 

activation has so far only be identified as a contributor to disease progression, which will be 

discussed below.  

There is a growing awareness that atypical p38α activation plays a key role multiple p38 

driven pathologies. The initial studies describing atypical p38α activation demonstrate its role in 

ischemic cardiac damage, ischemia-reperfusion injury, and amyloidosis. In an MKK3-/- ischemic 

mouse, the TAB1-p38 interaction was a leading contributor to necrosis in cardiomyocytes 110. The 

role of atypical p38 was further confirmed in the progression of ischemic damage when a cell-

penetrating inhibitor peptide was developed that reduced infarct size in ischemic rats 86. Supporting 

this, the recent TAB1-KI mice where TAB1-induced autophosphorylation of p38 was genetically 

perturbed had significantly reduced infarction volume after induction of myocardial ischemia. 

Furthermore, the transphosphorylation of TAB1 was disabled 71, and cyclic GMP kinase 1 was 

found to inhibit TAB1-p38α to prevent apoptosis in cardiomyocytes during IR 191. Additionally, 

basal activation of p38 autophosphorylation is suppressed by the HSP90/CDC37 complex where 

CD37 directly interacts with p38α 84. Inhibition of HSP90 during cardiac stress is thought to 

dissociate HSP90 from p38α, enabling TAB1 interaction and p38α autophosphorylation to drive 

IL-6 and TNFα expression and cardiomyocyte apoptosis 84. Additional studies have also shown 

that in a zebrafish model of amyloid light-chain (AL-LC) amyloidosis. AL-LC drives TAB1-p38α 

signaling causing cardiotoxic signaling, impaired cardiac function, pericardial edema, cell death, 

and subsequent heart failure 192, 193. 

Aside from the heart, p38 autophosphorylation has also been indicated in pathological 

inflammation in both dermal disorders, preterm birth, and more broadly in vascular inflammation. 

In the itch-/- mice, TAB1 expression is significantly enhanced, leading to robust p38 
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autophosphorylation and subsequent increases in inflammatory cytokine expression, immune cell 

recruitment, and spontaneous skin lesions 85. The use of the cell-penetrating peptide inhibitor 

significantly reduced these phenotypes, suggesting that itch-mediated p38 signaling could be 

exploited therapeutically 85. The use of the cell-penetrating inhibitor peptide significantly reduced 

these phenotypes, suggesting that itch-mediated p38 signaling could be exploited therapeutically. 

In the field of reproductive biology, term and preterm parturition are tied to oxidative-stress and 

inflammatory TGF-β induced TAB1-p38 activity resulting in amniochorion senescence 82. 

Atypical p38 is also considered an essential component of the careful balance of endothelial 

mesenchymal transition (EndoMT) and mesenchymal endothelial transition (MEndoT) in human 

and murine amnion cells that contributes to the timing of parturition 194. Vascular inflammation 

also directly activates GPCR-dependent p38 signaling in endothelial cells. In these studies, GPCR 

ligand α-thrombin induces endothelial barrier disruption driving vascular leakage and 

permeability. 

Additionally, recent studies of GPCR-mediated TAB1-p38 activity have demonstrated that it 

is conserved in multiple endothelial vascular beds and activated by a family of GPCR ligands 

associated with inflammation such as histamine, PGE2, ADP, and potentially many others 31, 32, 90. 

While it has not yet been definitively shown, it stands to reason that any cell that expresses these 

GPCR receptors has the potential to induce atypical p38 signaling. This being the case, it will be 

essential to understand the role of GPCR signaling in fibroblasts, epithelial cells, mural/pericyte 

cells, and neuronal cells. Therefore, the impact of GPCR induced atypical signaling is likely to 

play an, as of yet, undiscovered or overlooked role in many other vascular inflammatory diseases. 

Beyond the vasculature, the role of atypical p38 is also explored in the modulation of the 

immune system by inflammatory ligands, attenuation of the TCR, and response to pathogens. 
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Basophils and eosinophils isolated from healthy patients undergo p38 autophosphorylation in 

response to cytokine exposure from TNFα and GM-CSF, contributing to prolonged inflammation 

like that seen in pulmonary inflammatory disorders 195. Conversely, TAB1-p38 interaction is also 

associated with maintaining anergic CD4+ T-cells through increased expression of TAB1 

following antigen exposure and abrogating TCR 196. Similarly, TAB1-p38 drives T-cell senescence 

via an AMPK-dependent regulatory pathway, resulting in downregulation of TCR signalosome 

197. AMPK also plays an essential role in the TAB1-p38 activation of HSP27 in simulated sepsis, 

maintaining vascular integrity 198. Intracellular infection leading to TAB1-p38 activity was first 

shown in macrophages in mice infected with Toxoplasma gondii, resulting in pro-inflammatory 

IL-12 production specific to atypical signaling 199. Leishmania infection results in parasite GP63 

induced degradation of TAB1 to reduce p38 activation 200, the reversal of which sharply attenuates 

infection 201. These studies suggest a vital role for the p38-TAB1 interaction in the host defense 

during intracellular pathogen infection.  

Another example of atypical p38 activation comes from a recent study that demonstrated that 

viral infections utilize atypical p38 signaling to drive viral infections. Inhibition of TAB1-

dependent p38 activation impaired hepatitis C virus (HCV) assembly and viral replication. This 

was also confirmed for severe fever with thrombocytopenia syndrome virus (SFTSV), herpes 

simplex virus type 1 (HSV-1), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) 135. Indeed, the p38 inhibitor Losmapimod is currently in a clinical trial to treat SARS-CoV-2 

(ClinicalTrials.gov ID: NCT04511819). It will be important for future studies to understand how 

atypical p38 signaling contributes to viral and bacterial infections and whether selective atypical 

p38 inhibitors could support current therapeutic regimens. 
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In the realm of type 1 diabetes, a link was found for TAB1-p38 interaction in the apoptosis of 

beta cells via oxidative stress by NO 202 and cytokine-induced beta-cell death 203. These 

investigators noted that the effect of TAB1 signaling was specific to the TAB1α splicing product 

of the TAB1 gene located on chromosome 22, which has also been linked to systemic sclerosis 

and type 2 diabetes, hinting at a potential genetic component involving TAB1 mutation in the 

initiation of these diseases.  

Contrary to TAB1-dependent signaling, Zap70-dependent activation of p38 is exclusive to T-

cell activation via the TCR response, which is negatively regulated by p38 phosphorylation of 

upstream Zap70 91, 92. However, a recent study also showed that TCR-mediated p38 activation 

occurs simultaneously through a classical kinase cascade and inflammatory augmentation by the 

alternative, atypical p38 activation. Intriguingly, it is suggested that uncoupling of the classical 

p38 activation mediated by the adaptor protein LAT and the guanine nuclear exchange factor, Son 

of Sevenless 1/2 (SOS1/2), reduced T-cell development and exacerbated autoimmune disease in 

mice 204. At the same time, the genetic blockade of the TAB1-Zap70 suppressed T helper cell 

activation (TH1 and TH17) and expression of IFNγ and IL17. Suggesting that both the classical and 

atypical p38 activation pathways work synergistically to induce a balance between pro- and anti-

inflammatory responses 204. It is currently unclear whether there are some cases when TAB1-p38 

activation may work in consort with MKK3/6, albeit in a TAK1 independent manner as TAB1 

phosphorylation by p38 during atypical p38 signaling blocks TAB1’s interaction with TAK1 

preventing TAB1-TAK1 dependent MKK3/6 activation 79. 

Conclusion 

The 25-year history of p38 MAPK has clearly demonstrated that this family of inflammatory 

kinases are essential for normal physiological processes and, if dysregulated, can be significant 
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contributors to many diseases. Yet, despite many outstanding studies and carefully controlled 

clinical studies, therapeutic interventions targeting the conserved ATP pocket or structural 

scaffolds have so far been unsuccessful in the clinic. However, there are some promising avenues, 

like targeting downstream signaling transducers such as MK2. Furthermore, the selective 

inhibition of pathological atypical p38 signaling represents a significantly under-investigated 

avenue and potentially critical target for therapeutic intervention. 

Although there has been important progress in understanding the structural basis of the TAB1-

p38 interaction, and a clear mechanism has been defined for GPCR induced activation of atypical 

p38 signaling, there remain many gaps in our understanding of where, when, and why this pathway 

exists. There is still little understanding of how atypical p38 signaling alters the functional outcome 

of p38 activation to drive disease progression.  

As outlined above, there is a growing body of clear evidence describing TAB1-dependent 

atypical p38 signaling [Table 1.3]. Atypical p38 signaling has yet to be implemented in 

physiological pathways but is instead initiated only during disease progression, including cancer, 

viral infections, cardiac diseases, dermal inflammation, and vascular inflammation. This does raise 

a question of what evolutionary pressure resulted in the establishment of this pathway separate to 

MKK3/6 driven p38 activity. As more selective therapeutics are developed it will be critical to 

determine whether blockade of TAB1-mediated p38 activation alters physiological or protective 

pathways. An important area of research should be in defining how TAB1 biases p38 signaling 

and identifying what substrates lay downstream of TAB1-p38. These studies would provide critical  

insight into how TAB1-p38 activity drives functional outcomes that, at present, appear to be only 

activated to drive disease progression. 
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Based on the significant role of GPCR ligands and p38 in the progression of so many 

diseases, it is clear that the current research has only just scratched the surface of the potential 

import of atypical p38 signaling. Future studies will yield critical detail to the broader mechanism 

of activation, and the development of TAB1-p38 selective inhibitors could pave the way forward 

to developing a clinically viable therapeutic. 
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Disease Mechanism of p38 
Autophosphorylation Model Specific Cell or Animal Line 

 
 

Cardiovascular 
Ischemia and 
Reperfusion 

 
 
 

TAB1-mediated 

Murine in-vivo 71, 83, 108, 

110, 111 
MKK3-/- 83, 110; C57BL/6 83, 108; Sprague 

Dawley 83; Wistar 111; TAB1 KI 71 
Murine in-vitro 71, 81, 108, 

110, 111, 205 
H9c2 110; Sprague Dawley 108, 111, 205; Wistar 

111; C57BL/6 71, 81 
Human in-vitro 71, 87, 108, 

111, 114 HEK293 71, 108, 111, 114 

Structural modeling 73  
Myocardial 
Infarction, 

Amyloidosis, and 
Cardiomyopathy 

 
 

TAB1-mediated 

Murine in-vivo 113 Sprague Dawley 
Murine in-vitro 84, 113, 206 H9c2 113; Wistar 206 

Human in-vitro 206 Patient heart 
Zebrafish in-vivo 192  

 
General 

Inflammation and 
Cancer 

 
 

TAB1-mediated 

Murine in-vivo 31, 85, 207 BALB/c 207; CD1/CD1 31; C57BL/6, Itch-/- 85 
Murine in-vitro 31, 85, 207 Vβ8.1, OT-II 207; TAB1-/- 31; C57BL/6, Itch-/- 

85 
Human in-vitro 31, 32, 90 HUVEC 31, 32, 90; HEK293 31; HDMEC 90 
Structural modeling 92, 

208  

Parasitic Infection TAB1-mediated Murine in-vivo 209 BALB/c 
Murine in-vitro 199, 200, 

209 RAW264.9 209; MKK3-/- 199; BALB/c 200 

Viral Infection TAB1-mediated Murine in-vitro 136 C57BL/6, BC-1 
Human in-vitro 135 Huh7.5.1, HEK293, Patient liver 

Bacterial Infection TAB1-mediated Human in-vitro 198 HPMEC 
Shrimp 210  

Diabetes TAB1-mediated Murine in-vitro 211, 212 β-TC6 211, 212; Sprague Dawley, NMRI 212 
Human in-vitro 212 Islet 

 
Leukocyte 

Dysfunction 

 
TAB1-mediated 

Murine in-vivo 213 Vβ8.1 
Murine in-vitro 213 2B4 

Human in-vitro 195, 197, 

214 Patient blood 

Pregnancy 
Complications 

TAB1-mediated Murine in-vitro 215 CD-1 
Human in-vitro 82, 215 Patient placenta 

 
Other 

 
TAB1-mediated 

Murine in-vitro 216, 217 MKK3-/-/6-/- 216; MKK3-/- 217 
Human in-vitro 75, 80, 88, 

218 HEK293 75, 80, 88, 218; MDA231 218 

Structural modeling 219  
 

Immune System 
(T-Cell) 

Modulation 

 
 

Zap70-mediated 

Murine in-vivo 91 P116 
Murine in-vitro 220-223 Gadd45a-/- 220; CD4SP 221; C57BL/6 222, 223 

Human in-vitro 91, 224-227 Jurkat, P116 
  Chicken in-vitro 226 DT40 
 

Table 1.1.3: Physiological Roles of TAB1 Dependent Atypical p38 Signaling 
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CHAPTER 1 

Part 2 

SPATIOTEMPORAL CONTROL OF KINASES AND THE BIOMOLECULAR TOOLS TO 

TRACE ACTIVITY2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
2 Burton, J.C., Royer, D., Grimsey N.J. Journal of Biological Chemistry, 300(11), October 2024.  
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Introduction 
 
The packing and regulation of proteins in cells requires orchestrating their location and interaction 

with adaptors, cofactors, and substrates. The spatial organization of core biochemical processes, 

including signal transduction, is essential for cellular homeostasis and health. Central to this is the 

compartmentalization of signaling machinery by association with or encapsulation by membranes, 

organelles, and membraneless condensates. This concept of signaling compartmentalization is also 

utilized by receptor-mediated signaling cascades such as receptor tyrosine kinase (RTKs) and G-

protein receptor kinases (GPCRs). Compartmentalization of the downstream host factors, which 

are associated with receptor activation, plays a role in a variety of cellular functions.228-230 The 

discrete environmental conditions and substrate concentrations encoded within each location 

mediate signaling specificity for rapid and selective responses during development and stress, both 

homeostatic and pathological. 

 In addition to location, post-translational modifications (PTMs) of proteins govern their 

specific protein-protein interactions (PPIs), activity (activation and inhibition), secretion, and 

lifespan before degradation and recycling. These modifications include ubiquitylation, 

palmitoylation, acetylation, and phosphorylation. For functional roles and recent reviews, see (Fig. 

1.2.1). For the rest of this manuscript, we will focus on arguably one of the most critical PTMs: 

protein phosphorylation.  

Protein phosphorylation is a central regulatory mechanism controlling almost every 

cellular process, including cell growth, motility, differentiation, and division. The human kinome 

accounts for nearly 2% of the human genome; as such, it is one of the largest homologous protein 

superfamilies, consisting of >500 kinases.231 Kinase activity catalyzes the transfer of γ-phosphate  
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Figure 1.2.1: Post-translational modifications (PTMs) and their role in cellular physiology. 

Proteins can be dynamically regulated by modifications, including ubiquitination, 
palmitoylation, acetylation, and phosphorylation. Each PTM changes the protein, altering its 
functional responses. Palmytoylation, 232-236 Acetylation, 237-241 Phosphorylation, 242-246 and 
Ubiquitination 247-251 
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of ATP to serine, threonine, tyrosine, or histidine residues on substrate proteins.252-254 Protein 

phosphorylation acts as a molecular switch rapidly triggering a shift in protein folding, activity, 

location, or interaction with other biochemical structures, including proteins, RNA, and DNA.  The 

tight regulation of phosphorylation is essential for "normal" homeostatic control, and mutation or 

dysregulation of protein kinases or adaptors drives the progression of a wide spectrum of human 

diseases, including chronic inflammation, cancer, and ischemia.60, 255 Because of their critical 

roles, kinases are one of the most important targets of precision medicine.256, 257 Consequently, 

advances in therapeutic approaches are explicitly tied to our understanding of when, where, and 

how kinases are activated. 

Kinase Activation. The general conserved structure of most kinases consists of a bilobal catalytic 

domain with an N-terminal lobe made of a  β-sheet, one α-helix (C-helix), and an α-helical C-

terminal lobe (Fig. 1.2.2A and B).258 The active site of  γ-phosphate transfer is buried in the 

interface between the two lobes. The ATP-binding pocket is primarily conserved between kinases 

and surrounded by additional pockets that are less conserved and are often the sites targeted by 

small-molecule inhibitors.259  The activation of kinases is tightly regulated by interaction with 

adaptor proteins, as seen for mitotic kinase activation first established for the cyclin-dependent 

kinase (CDK) family or sequential phosphorylation by kinase signaling pathways. The mitogen-

activated protein kinase (MAPK) p38 sub-family is a classic example of the complexity of kinase 

regulation. All eukaryotes express p38 MAPKs, and their structural and regulatory characteristics 

are predominantly conserved from yeast to humans. The current models of molecular activation of 

kinases are still being refined. However, it is widely accepted that the N-terminal lobe facilitates 

ATP binding. In contrast, the C-lobe mediates effector and substrate binding at the kinase 

interaction motif (KIM or D-motif), requiring active loop phosphorylation and a conformational 
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change that fully activates the kinase.260, 261 Recent studies challenging this model show that dual 

phosphorylation of the active loop is required in conjunction with the allosteric modulation 

induced by substrate binding. Combined, these two forces drive the critical conformational 

changes in the C- and N-lobes to fully activate the kinase.262-264  

Using MAPK p38 as an illustration of the complexity of kinase activation, p38 is classically 

activated by dual phosphorylation of the active loop (Thr180, Tyr 182) by a MAP2K, which is, in 

turn, phospho-activated by a MAP3K. Alternatively, autoactivation of p38 can be induced through 

either Zap70 phosphorylation of p38 (Tyr323) or TGFβ-activated kinase 1 binding protein 1 

(TAB1) binding to p38.71, 81, 91, 226 In both cases, these events bypass the requirement of MAP2K 

and cause a conformation change that drives the active loop into the catalytic domain, enabling 

autophosphorylation (cis-phosphorylation). Zap70-mediated autoactivation occurs only in T-cells 

and almost exclusively on Thr180, further enabling auto- and trans-phosphorylation between p38α 

and p38β. Meanwhile, TAB1-mediated activation appears to be broadly applicable to most, if not 

all, cell types and is associated with autoactivation of p38α (Fig. 1.2.2C). Autoactivation itself is 

not exclusively found for p38. Indeed, cis-and trans-autoactivation has been reported for a wide 

range of kinases. These include pyruvate dehydrogenase kinase1 (PDK1),265 Aurora Kinase 1 and 

2,266, 267 interleukin receptor-associated kinase 4 (IRAK4),268, 269 and protein kinase D (PKD).270, 

271    

However, the mechanism for activation varies and, in many cases, is still controversial. 

The diverse mechanisms of activation contribute to the differential signal transduction pathways. 

One way is through allosteric modulation, where cofactor interactions can inhibit or enhance 

kinase activity and substrate binding. Another is the dynamic sequestration or retention of kinases 

at specific subcellular locations, as seen by nuclear or cytosolic translocation of activated kinases,  
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Figure 1.2.2: Modes of Activation and Spatial Regulation of Kinases. A. Schematic 
representation of basic kinase structure, including, N-lobe, C-lobe, hinge region, catalytic- loop, 
and active site. B. Structural model of TAB1 activated MAPK p38, PDB:4L00, showing the p38 
structure. C. The basic mechanisms of kinase activation. Divided into three broad categories: i) 
Three-tier kinase cascades, where MAP3K activates MAP2K, and finally, the MAPK.  ii) 
Autoactivation, where either an adaptor can bind, causing a conformational change and kinase 
autophosphorylation, or phosphorylation outside of the active loop that causes a conformational 
change and autophosphorylation, or dimer formation enabling cis- or transphosphorylation. iii) 
signaling molecular indued activation; in this example, cAMP binds to the regulatory subunit of 
PKA, triggering activation and release of the catalytic subunit. D.  Spatial regulation of kinases. 
Plasma membrane: Localization to the plasma membrane initiates GPCR-mediated signaling. G-
protein receptor Kinases (GRKs) are recruited to the membrane to phosphorylate GPCRs and 
induce receptor internalization. LLPS: Compartmentalization of concentrated host factors such as 
DNA & RNA leads to the formation of LLPS. These membraneless compartments allow for 
dynamic multivalent interactions within the condensate.  The dynamic formation enables fine-
tuning of cellular signaling within and downstream signaling out of the LLPS condensate. 
Organelle: Multiple organelles are spatial hotspots for cellular signaling responses. These include 
the nucleus, endoplasmic reticulum (ER), mitochondria, and Golgi apparatus (GA). PTM’s of 
proteins can enhance their membrane binding or translocation to specific organelles and influence 
their interactions. Scaffolding: Proteins that act as scaffolds help to sequester cytosolic, soluble 
protein families. This method of compartmentalization initiates local cellular signaling cascades 
by supporting interactions of adapter proteins, leading to phosphorylation events and downstream 
signaling.  Scaffolding proteins can be localized cytosolically or anchored to organelles such as 
endosomes, Golgi, ER, and mitochondria. Scaffolding proteins such as ubiquitin and AKAP are 
the drivers of signaling cascades. AKAP’s act as an anchor for PKA. Similarly, ubiquitin chains 
drive the recruitment of the adapter protein complex, such as TAB2, leading to the 
autophosphorylation of p38.  
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which effectively biases their access to specific substrate pools. Spatially defined signaling 

hotspots enhance the activation of some substrates while blocking or reducing access to others.258, 

263, 272  

In turn, hyperactivation of kinases often disrupts the carefully controlled homeostatic 

balance inside the cell, leading to pathologic responses. Therefore, signal termination is critical to 

maintain balance.  For p38, desensitization requires dephosphorylation of the activation loop, 

principally through the action of the MAPK phosphatase (MPK)/dual-specificity phosphatases 

(DUSP) families. Humans have ~ 250 phosphatases, with many pseudo-phosphatases represented 

(including TAB1).273 Each kinase will be regulated by a subset of phosphatases, which tend to be 

less selective than the kinase activation pathways. Interestingly, activation of most kinases triggers 

the regulation of negative feedback loops to limit hyperactivation. In our example, p38 can induce 

DUSP1 and MKP1 to terminate signaling and is important for pro-inflammatory signaling and 

stress-induced cell death.48, 274, 275 Alternatively, p38 can directly trigger negative feedback by 

limiting MKK6 expression,276 or phosphorylating TAB1 after auto-activation, which then blocks 

TAB1 regulation of the classical MKK3/6 pathway.79  

Taken together, selective activation and desensitization pathways provide a significant 

array of routes to fine-tune kinase signaling in each context. Therefore, the opportunities for 

additional regulation are enhanced when you factor in where the kinases are and the locally 

available adaptor and substrate interactomes.  
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Mechanisms of sequestration, protein-protein interactions, and functional 

compartmentalization. 

Adaptors and Scaffolding Proteins Sequester Kinases Near Substrates. Scaffolding proteins 

help bring order to the soluble pool of proteins in the cytosolic space by regulating specific protein 

interactions, shaping the local space, and focusing or facilitating specific intracellular signaling 

responses, including propagation, termination, and localization.277, 278 One well-studied family of 

scaffolding proteins driving kinase activity are the A-kinase anchoring proteins (AKAP), which 

direct 3’, 5’-cyclic adenosine monophosphate (cAMP)-dependent protein kinase, or protein kinase 

A (PKA), a member of the AGC kinase family 279. PKA is a tetrameric holoenzyme composed of 

dimerized regulatory subunits (RI or RII) bound to two catalytic subunits (Fig. 1.2.2C). The 

activation of PKA is facilitated by the release of cAMP-bound regulatory subunits, which allow 

for diverse downstream signaling responses.280 While cAMP and PKA are cell-diffusible, cAMP 

has long been suspected of existing in functional gradients 281-283 and microdomains.284-291 PKA 

activity is directed by binding to AKAP proteins to regulate signaling and mediate cross-talk 

between signaling pathways.292 This is regulated by sequestering PKA within compartments or 

signalosomes and coupling PKA to substrates and other components of the signaling axis, such as 

phosphodiesterases.293 AKAPs can positively or negatively regulate signaling by limiting kinase 

access to substrates. There are over 50 known AKAPs, many of which have alternative splice 

variants that alter localization,294, 295 such as dAKAP1, which traffics to the endoplasmic reticulum 

or the mitochondria depending on the presence of an Asp(31) at the N-terminus sequence.296 Other 

locations AKAPs are trafficked to include the cell membrane, lysosomes, Golgi, nucleus, 

mitochondria, cytoplasm, and non-membranous signalosomes such as the centrosome and radial 

spokes.297 Although AKAPs were named for their recruitment of PKA, these proteins act as 
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scaffolds for the assembly of many other signaling pathways in specific compartments such as 

extracellular signal-related kinase 1 and 2  (ERK1/2), hypoxia-inducible factor 1α (HIF-1α), p68 

RNA helicase, cyclins, c-Src and Calmodulin, among others.298, 299 AKAPs define the specific 

access of active C units to selective substrates. Almost all AKAPs have a PKA RII subunits binding 

domain (RIIBD), a highly conserved amphipathic alpha-helix of 14/18 amino acids that bind to 

the four-helix D/D domain R-subunit dimers.300-303 AKAPs localize with bound PKA at subcellular 

locations via protein-lipid or protein-protein interaction.295 AKAPs undergo PTMs, including 

myristoylation/palmitoylation, to draw PKA toward its substrates and enhance membrane-

localization. For example, palmitoylation of AKAP150 promotes localization to recycling 

endosomes and post-synaptic density in neurons, promoting PKA-regulated AMPAR 

trafficking,304, 305 while Gravin is myristoylated and AKAP18 is myristoylated and palmitoylated 

to facilitate docking to the plasma membrane.306, 307 Some AKAPs, such as AKAP450, have a 

pericentrin-AKAP450 centrosomal targeting (PACT) domain, known to interact with CIP4, a 

cdc42 effector regulating actin dynamics that drives localization to the Golgi and centrosomes.308, 

309  

Alternatively, the RTK family can directly act as scaffolding proteins. These single-pass 

transmembrane receptors have cytoplasmic-facing tyrosine kinase domains that autophosphorylate 

in trans. The phospho-group facilitates the recruitment of downstream signaling proteins, usually 

using a Src homology 2 (SH2) or phosphotyrosine-binding (PTB) domain.310 In addition, signaling 

is further defined depending on protein polarization to the apical or basolateral membranes in the 

epithelium, which can drive signaling responses and cancer progression.311, 312 RTK activation also 

modulates the localization of Phosphatidylinositol 3-kinase (PI3K)-AKT signaling at intracellular 

membranes. After stimulation, PI3Kα is trafficked along microtubules via direct binding of 
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microtubule-associated protein 4 (MAP4), leading to PI3K interaction with receptors at endosomal 

compartments and contributing to the generation of phosphatidylinositol-3,4,5-trisphosphate 

(PIP3) and AKT activation.313 PI3K also plays a central role in regulating plasma membrane 

signaling dynamics. Controlling cellular responses to membrane-bound receptor activation 

increases PIP3 concentrations and the subsequent activation of protein kinase D and AKT.314-316As 

such, the relative concentrations of lipids in cellular organelles play critical roles in regulating 

protein association and activation. They also directly impact membrane topology, trafficking, and 

signaling transduction.317-321Although beyond the scope of this review, lipid membrane 

microdomains or nanodomains of lipids can, in turn, play essential roles in regulating kinase 

recruitment and activation, including caveolae lipid raft recruitment of PKC322 and diacylglycerol 

activation of PKC.323 However, the broader implications of lipid microdomains/nanodomains have 

been investigated and reviewed extensively.324-326 

AKT signaling also drives changes to the subcellular localization of other proteins, 

including SR Protein Kinases (SRPKs), where direct327 or indirect phosphorylation328 by AKT 

drives nuclear translocation. Subcellular localization can also be regulated by scaffold or adaptor 

proteins. In this example, SRPK's association with heat shock protein (HSP) can act as a cytosolic 

anchor 329, 330 or facilitator of translocation to the nucleus.328 Alternatively, selective scaffold 

proteins, JNK interacting proteins1 and 2 (JIP1 and JIP2), bind to form oligomeric complexes that 

facilitate JNK activation and signal transduction in the cytoplasm near the plasma membrane by 

aggregating activators of the JNK kinase module.331  

Localization can be more complex, as seen for AMP-activated protein kinase (AMPK, 

where activity can be localized to the Golgi, endoplasmic reticulum, mitochondria, and lysosome 

in response to metabolic inhibition or genetic knockdown.332-334 Lysosomal localization requires 
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AMPK and Liver Kinase B1 (LKB1) to form a complex with AXIN and Late 

Endosomal/Lysosomal Adaptor, MAPK And MTOR Activator 1 (LAMTOR1).335, 336 AMPKα 

subunits are necessary for cytosolic and nuclear localization and contain sequences recognized by 

nuclear transport receptors (NTR).337, 338 However, although a nuclear localization sequence (NLS) 

in AMPKα2 has been proposed to be necessary for nuclear transport 339 and the NLS is typically 

recognized by the nuclear translocation importin family of proteins,340 direct evidence for importin 

interaction with NLS-containing AMPKα2 has not yet been shown.341, 342  There is also evidence 

that specific AMPK isoforms (α1/α2/β2/γ1) are localized to the outer mitochondrial membrane, 

and activity only upregulated during more severe metabolic stress, indicating that there may be a 

hierarchical activation of AMPK at different subcellular locations depending on the severity of 

stress.343  Scaffolding proteins can also assemble core components critical for tiered kinase 

activation, as seen for ERK1/2. Kinase suppressor of Ras 1 (KSR1) and IQ motif-containing 

guanosine triphosphatase activating protein 1 (IQGAP1) form a complex, where mitogen-activated 

protein kinase kinase (MEK) bound to IQGAP activates ERK1/2 bound to KSR1 at defined 

signaling puncta in the cytosol.344  

Lastly, MAPK p38 signaling can be directly modulated by binding to adaptors and 

scaffolding proteins. The spatial localization can be controlled by binding nuclear importins that 

induce nuclear translocation.345, 346 Meanwhile, p38 binding to TAB1 spatially restricts the kinase 

to the cytosol, limiting nuclear translocation and directly biasing or reducing access to nuclear 

substrates.80, 347 Conversely, the interaction with scaffolding proteins such as DLGH1, OSM, or 

JIP4 can localize p38 to specific cell areas while also orchestrating intersection with other 

signaling pathways by tethering p38 to alternate complexes.33, 222, 348  
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Spatially Biased G-Protein Coupled Receptor (GPCR)-Dependent Signaling. GPCRs are 

typically associated with activating heterotrimeric G proteins following agonist stimulation at the 

plasma membrane, resulting in subsequent activation of effectors and secondary messengers. 

Recent studies have established that intracellular GPCRs can orchestrate spatially restricted G-

protein signaling at sub-cellular compartments. These include the nucleus, endoplasmic reticulum, 

mitochondrion, Golgi, and the early endosome, and have been reviewed.349 Additionally, G protein 

signaling drives the activation of secondary messengers that initiate the regulation and activation 

of kinases. β-arrestins are multivalent adaptors that bind GPCRs and scaffold essential signaling 

complexes such as the c-RAF-MEK1-ERK1/2 signaling cascade.350 Prior models postulated that 

GPCR-induced plasma membrane recruitment and activation of ERK1/2.351, 352 However, recent 

work challenges this hypothesis by showing that GPCR-stimulated MAPK signaling can also 

occur independently from β-arrestins353, 354 and that ligand-induced GPCR endocytosis displays 

distinct subcellular ERK1/2 signaling dynamics.355, 356 Paired with the known subcellular ERK 

activity,357 these studies led investigators to explore subcellular pockets of ERK activity after 

endocytosis of β2-adrenergic receptor (β2-AR), discovering that GPCR activity does not result in 

ERK1/2 activation at the plasma membrane but is localized to the endosome.358 This mechanism 

was further explored and found to be mediated by a signaling axis involving endosomal-localized 

active GαS-Raf-MEK, resulting in endosomal activation of ERK.358 The investigators noted that 

active ERK then trafficked to the nucleus, affecting the activation of downstream transcription 

factors, suggesting that this was facilitated by the proximity of the nucleus to the endosome.358 

In addition to AKAP-directed PKA localization, it has been shown that the location of 

GPCR activation within the cell can also drive compartmentalized PKA activity. β2-AR signaling 

at the endosome drives active PKA localization to the nucleus in a PDE-dependent manner; 
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however, disrupted endosomal GPCR activation or endosome location perturbs PKA function in 

the nucleus.359 These findings illustrate that compartmentalized signaling can protect kinase 

activity by shortening the distance the kinase travels in a cellular environment that's "hostile" to 

active kinases.  

Ubiquitin As a Signaling Scaffold and Spatially Restricted Kinase Activation. Fig. 1.2.1 

summarizes how PTMs can impact cellular functions. Polyubiquitination classically regulates 

protein trafficking and degradation but can also scaffold the formation of spatially restricted kinase 

signaling complexes.98 Tumor-necrosis factor (TNF)-mediated pro-survival signaling involves the 

IKK (IkB kinase) and TAK1/TAB2/3 (transforming growth factor beta-activated kinase 1, TAK1-

binding proteins 2/3), which are recruited in a ubiquitination-dependent manner. Specifically, K63 

polyubiquitin chains recruit TAB2/3 via their carboxy-terminal zinc-finger (ZnF) domains that 

then recruit TAK1. These resulting signaling complexes are important for activating NF-kB and 

MAPK c-Jun N-terminal kinase (JNK) pathways.20, 360  

Correspondingly, K63 polyubiquitin of the C-terminal tail of activated GPCRs facilitates 

the scaffolding or recruitment of TAB2/3 to endosomes. This initiates the formation of a TAB2-

TAB1-p38 complex, resulting in autophosphorylation of p38 at the endosome.31, 361 Notably, 

GPCR-mediated p38 activation is focused away from the nucleus,362 contrary to osmotic-stress-

induced p38 activation, which is driven to the nucleus.347 This finding provides some of the first 

evidence of a mechanism of p38 sequestration away from the nucleus, biasing p38 toward cytosolic 

substrate pools rather than nuclear transcription factors.363 This ubiquitin-dependent sequestration 

mechanism differs from the recently uncovered MAPK ERK1/2 endosomal activation, but 

suggests a conserved strategy to spatially bias GPCR-induced MAPK activity (Fig. 1.2.2D). 
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Liquid-Liquid Phase Separation-Dependent Sequestration of Kinases Activity. The 

eukaryotic cellular organization also extends to membrane-less compartments that transiently 

occur or form in stress responses known as molecular condensates or liquid-liquid phase separation 

(LLPS). Broadly speaking, biomolecular condensates comprise biomolecules with structural 

features that allow multivalent interactions between proteins, RNA, and DNA, inducing LLPS 

formation. The physical properties of these condensates exhibit liquid-like behavior and form as 

the result of phase transitions when the molecular components of the condensates coalesce to form 

LLPS. Phospholipid metabolism can also contribute to the formation of phase-separated 

condensates.364 LLPS enable a dynamic localized layer of regulation that can be turned on and off 

by their formation and dissolution. Proteins capable of forming these condensates also typically 

have intrinsically disordered regions (IDR) with low amino acid complexity but can also be highly 

structured proteins that oligomerize into higher structures.365 It is becoming increasingly clear that 

LLPS condensates play important roles in kinase signal transduction366 and are increasingly a focus 

when exploring spatial signaling dynamics; see (Fig. 1.2.2D) [Table 1.2.1].  

In addition to its roles as a membrane scaffolding protein, described above, polyubiquitin 

chains also show properties of liquid-liquid phase separation. Specifically, after interleukin-1 (IL1) 

or TNFa stimulation, the NF-kB essential modulator (NEMO) regulatory subunit of IkB kinase 

(IKK) is known to phosphorylate the inhibitory IkBs to facilitate activation of IKK, which it 

accomplishes via binding to polyubiquitin chains (polyUb).367 Additionally, linear ubiquitin chain 

assembly complex (LUBAC)-catalyzed M1- and Lys63- linked linear polyUb binding to NEMO, 

resulting in the formation of liquid-like droplets. Phase-separation formed modules of IKK 

activation, and mutations associated with the loss of this phase-separation are associated with 

immunodeficiency.368, 369 
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As discussed above, AKAP directs PKA function to selective organelles. Recent studies 

have revealed that a non-canonical higher-level organization also occurs, where the type I 

regulatory subunit of cAMP-dependent PKA, RIα, undergoes phase separation in response to 

GPCR-induced cAMP signaling. RIα LLPS biomolecular condensates enable 

compartmentalization of cAMP but also restrict the movement of catalytic subunit (PKA-C), 

concentrating activity in LLPS. The D/D and CNB-A domains are both required for LLPS 

formation, which act as cAMP "sponges" that increase localized microdomains of cAMP that 

provide protection from cAMP-hydrolyzing phosphodiesterases (PDEs) activity.370, 371  

Viral-associated LLPS. Viruses coerce host cellular machinery to enhance their replication and 

manipulate immune responses. A growing body of evidence suggests that DNA and RNA viruses 

can compartmentalize viral and host factors to enhance their replication372 and manipulate immune 

responses.373 A wide variety of terminologies are used for these viral events, including LLPS,374 

bimolecular condensates,372, 375 processing bodies,373, 376-379 cytoplasmic membrane-less 

organelles,380-382 stress granules (SG),383-385 cytoplasmic Virion Assembly Compartments 

(cVACs),386-388 or nucleocapsid assembly sites/inclusion bodies (IB).372, 389, 390 Condensates are 

induced through multiple factors, including cellular pH, rapid increase in host cell nucleic acid 

concentrations, binding of heat shock proteins (HSP70), and activation of host kinases, including 

double-stranded RNA-dependent protein kinase (PRK).391, 392  

DNA viruses (such as herpesvirus388) utilize nuclear inclusion bodies to transcribe the viral 

genome and cVACs for virion assembly and maturation.374 Herpes Simplex Virus 1 (HSV-1) 

progeny are assembled in membraneless viral replication compartments within the nucleus,393 

demonstrating the properties of LLPS.374, 394 RNA viruses such as  Respiratory Syncytial Virus 

(RSV),395 Human Metapneumovirus (HMPV),396 and Human Immunodeficiency Virus (HIV-1)397 
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also utilize bimolecular condensates. During RSV infection, the NFκB protein, p65, translocates 

to inclusion bodies containing viral components,395 enhancing proinflammatory signaling and the 

host immune response398.   Conversely, RSV sequesters host proteins O-GlcNAc transferase 

(OGT) and phosphorylated p38.399 Retaining p38 to the condensate impairs p38-induced MAPK2 

activity, limiting NFκB signaling.391 Most viruses intersect with the NFκB pathway. Therefore, it 

is tempting to postulate that they all likely directly impact host kinase localizations and activities 

through PRK activation and Ub-mediated LLPS formation. 

3. Tools Developed to Study Spatial Signaling.  

To study the critical transient biochemical events that regulate subcellular signal transduction, a 

variety of tools have been developed that allow real-time reporting of compartmentalized events 

or augmentation of trafficking machinery. Many of these tools are genetically encoded optical 

biosensors designed to use fluorescence as a readout for a biochemical event, such as kinase 

phosphorylation. These biosensors have a kinase-responsive component that induces changes in 

conformation, altering fluorescence that can be detected by high-resolution microscopy. 

Fluorescence Resonance Energy Transfer (FRET) is a proximity-dependent energy transfer from 

a donor molecule to an acceptor molecule via dipole-dipole interactions. This electrodynamic 

phenomenon is frequently utilized in biosensor designs because for FRET to occur, the donor 

molecule must be within close physical proximity to the acceptor molecule, directly enabling the 

development of sensitive, specific biosensor reporters (Fig. 1.2.3). The field of genetically 

encoded biosensors is extensive and has been excellently reviewed elsewhere.400 Here we will 

focus on some of the ways that fluorescence and FRET-based biochemical tools allow us to study 

subcellular kinase signaling. 
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Single and Tethered Fluorophore Activity Reporters. Single fluorophore biosensors are 

straightforward methods of detecting biochemical activity through the integration of a molecular 

switch on the beta-barrel of a fluorophore that alters fluorescence emission based on biosensor 

conformation (Fig. 1.2.3A). A strength of these reporters is that they can be multiplexed in a single 

cell to measure multiple cellular processes simultaneously, for example, the detection of PKA, 

PKC, and ERK signaling.401 Single-fluorophore kinase activity reporters can also elucidate 

compartmentalized kinase signaling through fluorescence changes rather than translocation. An 

example is the excitation-ratiometric AMPK activity reporter (ExRai AMPKAR), which detects 

endogenous AMPK in this manner. The biosensor was directed to measure cytoplasmic, 

lysosomal, mitochondrial, and nuclear AMPK.333  

Kinase translocation reporters (KTRs) are used to study kinase activity via their design of 

a fluorophore fused to a kinase substrate and a bipartite nuclear localization signal (bNLS) and 

nuclear export signal (NES). The sensor's phosphorylation imparts a negative charge that 

modulates nuclear import/export. KTRs facilitate rapid kinase activity measurement as a 

cytoplasmic to nuclear ratio of fluorescence and can be multiplexed to track multiple kinases in a 

single cell when using spectrally separated fluorophores but are nonspecific to kinase distribution 

within the cell.402 

Tethered fluorophore biosensors utilize FRET to report kinase activity. This reporter class 

was first used to detect Ca2+ signaling using a calcium-sensing calmodulin linked to a peptide 

derived from the myosin light chain, between a blue fluorescent protein and YFP.403 Sensitivity 

was enhanced by exchanging the fluorophores for enhanced YFP (EYFP) and enhanced cyan 

fluorescent protein (ECFP),404 the general design of which became the basis for subsequent 

biosensors, including kinase activity reporters. Alternatively, “bait” substrate amino acid sequence 
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specific for a kinase of interest can be linked to a flexible peptide containing a phosphoamino acid 

binding domain linking together a pair of FRET fluorophores. Phosphorylation of the bait substrate 

by the target kinase causes the phospho-recognition domain to bind to it, facilitating a 

conformational change in the peptide and drawing the fluorophores into close proximity where 

FRET can occur (Fig. 1.2.3B). Tethered-fluorophore kinase activity reporters have been designed 

and utilized for many kinases, from PKA, PKC, PKB/Akt, MTORC1, aurora kinases, ERK1/2, 

and p38.48, 334, 347, 405-412 These activity reporters have been further refined as improved 

fluorophores are designed and implemented. Critically, the growing library of kinase reporters can 

be further modified with subcellular localization motifs that direct the activity reporters to other 

subcellular locations such as lipid rafts, the plasma membrane, endosome, mitochondria, or 

nucleus.358, 362, 413, 414 An online database listing many of these biosensors can be found at 

https://biosensordb.ucsd.edu/. Spatial targeting of these biosensors enables detailed studies of how 

biomolecular factors control kinase associated with organelles within each cell, revealing key 

insights into spatiotemporal dynamics of kinase activity and how they drive disease-inducing 

signaling transduction.347, 358, 371, 412   

 

Tools to Study Subcellular Kinase Activity. Aside from kinase activity reporters, investigators 

have developed novel tools to delineate and better understand kinase substrate availability and the 

subcellular context of signaling. Using a genetically encoded system of rapamycin-induced 

endosomal redistribution, fusion proteins anchored in the endosome and plasma membrane can be 

manipulated to direct the endosome to the cell periphery (Fig. 1.2.3C). Using this model, the 

investigators uncovered the functional roles of PDE-mediated cAMP hydrolysis and location-

specific PKA activity.359 To better understand compartmentalized PKA signaling and cAMP-

https://biosensordb.ucsd.edu/
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degrading phosphodiesterase (PDE) activity, investigators developed FRET nanorulers to measure 

nanometer-size cAMP gradients in intact cells. These nanorulers consist of a FRET-based cAMP 

reporter (Epac1-camps)415 and a PDE, separated by single alpha-helices (SAH) of set nanometer 

length (Fig. 1.2.3D). These rigid ER/K helices allow for precise measurement of the distance 

between active PDEs and cAMP biosensors, representing molecular rulers to measure the size of 

low cAMP pockets generated by PDE activity. These were subsequently used to determine that 

cAMP buffering416 and local PDE activity can “protect” cAMP effectors from activation until 

cAMP concentrations are sufficiently high to overcome buffering and initiate signaling 

responses.417  

4. Roles of Kinase in Cellular Compartments and Their Impact on Physiology  

As our understanding of the mechanism driving the spatial compartmentalization of kinases and 

the tools to detect the spatial bias are refined, so is our understanding of the physiological and  

pathophysiological impact. Below, we discuss some of the latest studies describing 

compartmentalized signaling utilized in physiology and how mutations that disrupt or alter kinase 

localization can result in disease.  

Since their discovery as modulators of PKA and other kinase activity, AKAPs have long 

been considered attractive avenues for therapeutic intervention, as AKAPs play key roles in cancer, 

ischemic stroke, and cardiovascular pathologies such as cardiac hypertrophy, heart failure, and 

hypertension,297, 418, 419 among others. These diseases generally arise from mutations or changes in 

the expression of the AKAP proteins, causing them to lose or alter function, leading to mislocalized 

or loss of effective PKA signaling, substrate sequestration, or dysregulated increases in signaling 

responses. For example, AKAP-Lbc is needed for both cardiac development as it localizes to the 

cytoskeleton and scaffolds with many kinase binding partners, but is also responsible for the  
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Figure 1.2.3: Kinase Activity Imaging Tools with Subcellular Resolution  
A. Single fluorophore activity reporters. This type of reporter utilizes a circularly permuted 

fluorophore tethered to a sensing unit composed of a kinase-specific substrate and phosphoamino 
acid binding domain (PAABD). Phosphorylation of the substrate results in conformational change 
in the fluorescent protein, altering fluorescence readout. B. Paired fluorophore activity reporters. 
This type of reporter utilizes tethered fluorophores joined by a linker peptide containing a kinase-
specific substrate and PAABD. Phosphorylation of the substrate results in a conformation change 
of the peptide, bringing the fluorophores into close physical proximity, allowing for transfer of 
fluorescence energy from the donor (CFP) fluorophore to the acceptor (YFP) and detection of 
kinase-mediated FRET activity via acceptor emission.  C. Spatial modulation. This rapamycin 
inducible system modulates endosomal localization using early-endosomal antigen 1 (EEA1)-
tethered FK506-binding protein-rapamycin-binding (FRB) fused to GFP alongside a plus-end-
directed kinesin motor Kif1a fused to a FK506-binding protein (FKBP) and tandem dTomato, 
mediating microtubule and kinesin motor directed migration of endosomes away from the nucleus. 
D. Nanorulers. This system utilizes fluorescence biosensors such as Epac1-camps separated by 
rigid single-alpha-helical (SAH) domain linkers of set size to measure cAMP gradients at different 
locations within the cell. 
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development of pathological myocyte hypertrophy when upregulated, due to an increase in MEF2-

mediated transcriptional reprogramming.420-422 Conversely, loss of AKAP-Lbc via miR-629-5p 

results in malignant prostate cancer.423 Mutations in PKAc itself, however, can also alter 

localization, leading to disease. An example of these is the PKAcW196G mutation that increases  

kinase affinity for RI-type regulatory subunits and their associated AKAPs, resulting in 

Cushing's syndrome.424 

AMPK is an essential energy sensor and master regulator of cellular metabolism that is 

subcellularly localized to monitor and react to cellular energy states and response to stress.425 Zong 

et al. investigated how signaling cues regulate differential subcellular AMPK activation.343 They 

discovered that early-stage glucose starvation leads to lysosomal AMPK activation via the 

aldolase-v-ATPase-Regulator-AXIN-LKB1 complex, leading to phosphorylation of downstream 

substrates. However, moderate starvation increased AMP levels corresponding with lysosomal and 

cytosolic AMPK activation, whereas severe energy stress resulted in high levels of AMPK activity 

in the cytosol, lysosome, and mitochondria. In addition to this work, it was also shown that 

phosphorylation of AMPKα also drives the kinase to the nucleus in response to stimulation by 

leptin, a hormone involved in energy regulation.339 These results indicate a novel mechanism for 

functional spatial kinase distribution as a sensor of metabolic stress response.343 

Differential Signaling and Pathological Outcomes by GPCR-Activated Kinases. Active 

GPCRs facilitate the recruitment of G-protein-coupled receptor kinases (GRK)s to the plasma 

membrane, where they bind to and phosphorylate the GPCR. Phospho-patches then recruit 

arrestins, which can initiate desensitization, receptor internalization, and internalized signaling.426, 

427 GRKs have additional roles; for example, GRK5 possesses an NLS motif enabling nuclear 

translocation in myocytes to facilitate maladaptive growth and fibrosis in a calcium/calmodulin 
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(CaM) dependent manner.428 Alternatively, GRK2 in cardiac tissue is shown to translocate to the 

mitochondria during myocardial ischemia and oxidative stress in an ERK and HSP90-dependent 

manner, driving alteration of mitochondrial substrate utilization.429-432 GRK2 mitochondrial 

translocation also occurs in response to LPS, leading to increased mt-DNA transcription, reduced 

ROS, and cytokine expression299 during inflammatory disease. Much remains unknown about 

kinase substrate pools in the mitochondrial compartment in a disease context, and further research 

is needed.  

The original models for GPCR desensitization required GRK phosphorylation and GPCR 

internalization to the endosome principally to terminate signal transduction. However, it’s clear 

that the signaling landscape of internalized GPCRs is diverse and facilitates subcellular 

compartmentalized kinase signaling. Ligand-stimulated, internalized β2-AR facilitates Gαs-

mediated ERK activation at the endosome, regulating cell proliferation through nuclear-

transported ERK and upregulation of substrates like nuclear c-Myc. These findings identify a 

functional role for internalized signaling and could be linked to cancer progression.358 

Conversely, stimulation triggers spatially distinct pools of MAPK p38 activation. P38 has 

over 100 substrates and is responsible for physiological cell development, growth, injury responses 

and dysregulated pathological inflammation.35 Much research has gone into deciphering the 

context of p38 signaling in health and disease to identify novel therapeutic strategies. Recent 

studies argue that adaptor binding and spatial distribution is central to the physiological and 

pathological outcomes. The clear nuclear-cytosolic distribution of p38 differentially controls 

access to subsets of substrates.363 It remains a matter of intense research to define how the 

conserved dually phosphorylated p38 can be switched to pathological outcome in both the classical 

and atypical p38 pathways and what differentiates them. One possibility is that spatially selective 
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substrates/adaptors can allosterically modulate the binding potential for secondary targets of 

p38.263, 264, 433 One example is the spatiotemporal signaling bias exerted by TAB1-dependent p38 

autophosphorylation.347 FRET biosensors revealed that atypical p38 is differentially localized, 

displaying enhanced cytosolic activity and restricted nuclear access,347 disrupting access to key 

nuclear targets and increasing access to cytosolic targets. The direct TAB1-p38α interaction drives 

atypical p38 signaling-dependent vascular inflammation and edema,31, 32, 434 cardiac ischemic 

damage,71, 81, 86 amyloidosis,206 dermal inflammation,85 and viral replication.135 Further studies are 

required to determine the molecular mechanisms of signal transduction in each case and whether 

a conserved spatial bias is critical to driving these pathologies. 

Kinases Involved with Liquid-Liquid Phase Separation Drive Physiological Processes and 

Disease. Ribonucleoproteins (RNPs) and other LLPS-driven cellular mechanisms are increasingly 

studied for their roles in physiology and disease.435 We’ve discussed how LLPS mechanisms 

sequester kinases, but kinases also play key roles in the formation, function, and maintenance of 

LLPS [Table. 1.2.1]. The centromere, essential for cell division, contains disordered histone tails 

that cause it to exhibit macromolecule phase separation and interact with nucleosomes. Kinase 

activity within the inner centromere is driven by LLPS activity,436 and in turn, both LLPS and 

phosphorylation via Aurora kinases drive effective centromere function during mitosis.437 

Similarly, viral infections rapidly increase the amount of cytosolic nucleotides, whose negative 

charge and multivalency promote RNA-protein and protein-protein interactions, inducing phase 

separation into LLPS. The condensed nucleotides drive local nucleotide concentrations higher, 

activating double-stranded RNA-dependent protein kinase (PKR) and PKR-like endoplasmic 

reticulum kinase (PERK)  at the ER to initiate the integrated stress response (ISR) and formation 

of stress granules and the antiviral responses.438 However, multiple viruses also manipulate the 
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Table 1.2.1: Kinases associated with LLPS condensates  

 

Kinase Type of Condensate Mechanism of Kinase-condensate localization  References 

Plk4 Centriole assembly Phosphorylation-dependent intrinsic phase separa   439 

PKA Condensates with cAMP Riα-mediated intrinsic tendency 370 

MARK2 Condensates with Tau protein Possibly recruited by substrate TAU 440 

FAK Integrin-mediated adhesion comp  Intrinsic scaffolding with p130Cas 441 

TBK1 Polyubiquitin condensates Recruited by adaptor proteins 442 

ULK1 Polyubiquitin condensates Recruited by adaptor proteins 443-445 

TNK1 Polyubiquitin condensates Kinase-intrinsic ubiquitin-binding domains 446 

RTKs RTK-mediated LLPS Intrinsic phase separation tendency  447 

S6K1/2 Stress granules Mechanism unclear, possible interaction  
with adaptor proteins 

448 

PKC Stress granules P-body associated scaffold proteins G3BP2 449, 450 

PKR Stress granules P-body associated scaffold proteins G3BP1 451 

DYRK3 Stress granules N-terminus dependent localization to stress  
granules and intrinsic kinase activity 

452 

CK2 Stress granules P-body associated scaffold proteins G3BP1 453 

Sky1 Stress granules Intrinsic phase separation tendency  454 

Syk Stress granules Phosphorylation-dependent recruitment by Grb7 455 

eIF4 Stress granules Modifies RNA recruitment to stress granules 456 

MAPK p38 Stress granules/viral inclusion 
bodies/anti mycobacterial 
immune LLPS 

Recruitment by substrate, viral-mediated  
sequestration  

399, 457 

Lck/ZAP70 T-cell signaling phase-separated 
droplets 

Recruited by TCR 458 
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PKR responses, to enhance viral production, as seen in the case of the Hepatitis C Virus (HCV).459 

Alternatively, other viruses co-opt stress granule (SG) protein G3BP1 to inhibit PKR and prevent 

ISR.460 Thus, host kinases can be instrumental in forming and controlling pro- and antiviral SGs.461 

Processing bodies (P-bodies) are formed transiently in the cell from untranslated mRNA 

associated with decay machinery and other protein interactors in response to stimuli. Protein kinase 

recruitment to these particles initiates signaling responses, sequestering kinases away from other 

substrates during cellular responses and stabilizing key proteins co-localized to the granules. PKA 

is a key regulator of P-body assembly and is hypothesized to regulate the formation of larger P-

body aggregates by phosphorylation of Pat1, a key constituent of p-bodies.462 NFκB is also 

involved in the formation of p-bodies. IkB complex IKK controls p-body formation through 

binding and phosphorylation of enhancer of decapping 4 (EDC4), leading to recruitment of 

mRNA-decapping enzyme complex subunit 1a and 2 (DCP1a and DCP2). In the absence of 

stimulus, the IKK-EDC4 complex promotes the degradation of pro-inflammatory mRNAs, 

indicating diverse roles of kinases within p-bodies.463  

Subcellular kinase activity can dynamically control LLPS condensates,464 where phase 

separation is both positively and negatively affected by phosphorylation, controlling both 

aromatic-cationic and aromatic-aromatic interactions.465 For example, DNA-dependent protein 

kinase (DNA-PK) phosphorylates the neurodegeneration-linked RBP Fused in 

Sarcoma/Translocated in LipoSarcoma (FUS) protein,466-468 interrupting phase separation and 

reducing binding affinity to low complexity domain hydrogels.469-472 Conversely, Tau protein 

binds RNA and induces fibrilization, which forms insoluble neurofibrillary tangles during 

Alzheimer’s disease.473-475 Serine phosphorylation of the microtubule-binding region of Tau 

protein by microtubule-affinity regulating kinase 2 (MARK2) kinase promotes LLPS of Tau 
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protein476 and possibly contributes to the pathology. Further studies are needed to determine if 

targeting kinase activity for LLPS modulation could perturb disease progression or offer novel 

therapeutic avenues. 

5. Conclusions and Ongoing Challenges 

It is becoming increasingly clear that current therapeutic strategies fall short for certain valuable 

kinase targets. Defining the mechanisms that control the spatial and temporal control of kinases 

and their impact on subcellular compartments represent a relatively untapped focus of therapeutic 

development. As described above, there is a growing acceptance that spatially distinct signaling 

defines the pathological bias in kinase signal transduction.  

However, there are many ongoing challenges in studying spatial kinase activity. For one, 

it is difficult to identify substrate pools specific to subcellular localization and directly correlate 

endogenous, localized kinase activity with their substrates. Additionally, the spatial regulation of 

phosphatase, proteases, and specific localized substrate access requires the development of 

additional tools. One of the benefits of utilizing biosensors to detect kinase activity is it allows the 

study of endogenous protein kinase without their overexpression and the associated potential for 

off-target effects. However, exogenous expression of the biosensor itself could also trigger 

secondary effects by introducing foreign proteins to a balanced system or taking up essential 

“space’ on membranes. This sterically blocks access for endogenous proteins, nudging signaling 

out of its endogenous temporal or spatial state. The “bait” kinase reporters are typically derived 

from native proteins and therefore could outcompete endogenous kinase substrates.  

Additionally, subcellular biosensor targeting can lead to overexpression or saturation at the 

location of interest, possibly leading to false reports of FRET activity as tethered fluorophores 

from different individual molecules emit FRET from interactions in trans. As brighter 
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fluorophores are developed, expression can be minimized to avoid saturation. Additionally, these 

studies are typically performed in vitro and imaging in vivo remains challenging due to low 

penetrance of fluorescence through complex tissues. This is being addressed through alternative 

imaging strategies such as multi-photon excitation systems 477-479 and fluorophore pairs that excite 

and emit near the infrared spectrum.480  

Spatial signaling offers an opportunity to personalize kinase inhibitors to a specific subset 

of pathological kinase responses. For example, MAPK p38α is an extensively studied kinase, and 

several recent reviews have covered the kinase’s roles and therapeutic potential for cancer,150, 481 

arthritis,482, viral regulation,61, 483 and other inflammatory disorders.484 However, clinical trials for 

small molecule drug inhibitors of p38α have largely failed in the clinic. For p38α, this research is 

increasingly focused on MK2.140, 482, 485 With greater knowledge of the mechanisms of kinase 

sequestration and access to substrate pools, we suggest there is the potential to develop strategies 

that block subsets of kinase activity associated with pathological outcomes.  A molecular 

mechanism driven by GPCR polyubiquitination and recruitment of the active kinase to the 

endosome via TAB1 binding and autophosphorylation has recently been discovered.31, 32 However, 

therapeutic targeting of spatially restricted MAPK has remained underexplored.  

Conversely, spatially targeted Plk1 or Aurora A kinase (AurA) inhibitors (Local kinase 

inhibitors, LoKI) can selectively block kinase activity, disrupting microtubule-kinetochore 

functions.486 Establishing a valuable tool to study spatial signaling and setting a precedent for the 

future development of other LoKI. However, clinically viable spatially targeted LoKI have yet to 

be developed.  

An alternative emerging therapeutic strategy in perturbing kinase activation is the 

modulation of LLPS condensates. This field is rapidly growing as we learn how kinases are 
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recruited to condensates, which are similarly essential for kinase function.366 The protein-protein 

biophysical interactions between IDRs that induce LLPS play key roles in diseases such as 

Alzheimer’s, ALS, Huntington’s disease, and other neurological conditions. Many groups are now 

investigating the interruption of LLPS as a therapeutic strategy.487 LLPS could be controlled by 

targeting kinase activity responsible for nucleation of LLPS condensates or through selective 

targeting of subsets of kinases trafficked to condensates via co-localization of small molecule 

inhibitors to condensates.  

The development of selective and efficacious therapeutics that target the adaptors or 

scaffolds for subcellular location may be challenging as, in many cases, the molecular drivers of 

kinase activity are conserved. However, spatially targeted inhibition represents an exciting, 

relatively untapped approach to selectively block pathological signaling and potentially reduce 

some of the current strategies' toxicity or off-target impacts.  

In summary, a wide range of finely tuned processes regulate the cell's kinase activity. A 

greater understanding of the mechanisms that drive spatial and temporal kinase activity and the 

development of advanced tools to visualize and dissect their dynamic activation will likely provide 

essential insight into how dysregulated kinase signaling drives disease. Critically, these studies are 

essential to inform the future development of spatially targeted therapeutics. 
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CHAPTER 1 

Part 3  

INFECTION-INDUCED ACUTE LUNG INJURY, THE ROLES OF KINASE SIGNALING IN 

ACUTE LUNG INJURY, AND GOALS OF THIS WORK  

Here, we will review the pathology and progression of acute lung injury, the specific 

etiology of infection-induced acute lung injury with emphasis on influenza, and the roles of kinase 

signaling both in response to infection and the roles in its progression. Lastly, we will state the 

goals of this dissertation research.  

The Pathology and Progression of ALI 

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening 

inflammatory disease manifestations in the lung that are caused either by a direct insult from local 

viral or bacterial infection, physical injuries such as aspiration, burns, and trauma, or indirectly via 

systemic infection such as sepsis. This syndrome of pathological conditions is driven by 

dysregulated inflammation, primarily transmitted through the expression of pro-inflammatory 

cytokines. Subsequently, the breakdown of the epithelial barrier leads to edema in the lungs, resulting 

in loss of gas exchange function, with low oxygen levels in the blood (hypoxemia), and high levels 

of carbon dioxide (hypercapnia) and overall reduced pulmonary compliance leading to shortness of 

breath and increased impact for breathing. 488, 489. This loss of homeostasis and breaching of the 

epithelial barrier is perpetuated further by the release of proinflammatory cytokines and chemokines 

from responding innate immune cells and the vasculature itself, leading to the recruitment of immune 
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mediators such as monocytes to the lungs, which directly contributes to epithelial cell apoptosis 490. 

The process of inflammatory signaling and recruitment becomes a self-perpetuating cytokine storm. 

This, and the physical stress resulting from mechanical ventilation needed to sustain breathing, leads 

to hyaline membrane formation and lung tissue fibrosis, a dysregulation of the wound-healing 

process 491.  Wound healing is carried out by myofibroblasts, which are fibroblasts that have 

differentiated by the secretion of TGF-β1 and mechanical stress response 492. These cells synthesize 

components of the extracellular matrix (ECM) during the restoration of lung tissue and, under normal 

circumstances, are eliminated via apoptosis following resolution of inflammation. However, during 

the prolonged inflammation of ALI, myofibroblasts do not undergo apoptosis and become 

hyperproducers of ECM, resulting in pulmonary fibrosis and, ultimately, permanent loss of lung 

function 493, 494. 

Therefore, ALI/ARDS is a disease state that arises in response to a primary injury or illness, 

and the discreet players of ALI may differ depending on the origin of the disease. For example, 

physical or mechanical injury, such as ventilator-induced lung injury (VILI) occurs when the patient 

experiences stress due to high transpulmonary pressure, leading to excessive strain from over-

distension of the lungs. This triggers epithelial stretch responses that result in expression of early 

growth response gene (Egr)1, heat-shock protein (HSP)70, IL-1β and macrophage inflammatory 

protein (MIP)-2, inducing an innate immune response 495, 496 where recruited neutrophils and 

monocytes drive the induction of VILI through IL-8 and MCP-1-signaling 497, 498. Infection-induced 

ALI, on the other hand, contends with the presence of pathogens that have evolved mechanisms for 

hijacking and subverting host immune responses, often leading to further inflammatory 

dysregulation. In the next section, we will focus on how virus infection, particularly influenza, 

propagates ALI, beginning with an overview of influenza viral infection and replication.  
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Brief Introduction to Influenza A Virus 

Influenza A virus (IAV) is a segmented, single-stranded RNA virus encapsulated in a lipid 

envelope with surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) that are essential 

for viral infection of host cells. The sloppy but rapid viral polymerase of IAV results in a high 

mutation rate and replication rate that allows the virus to quickly adapt to environmental changes 

and escape immune detection. For this reason, influenza is endemic in human populations and is one 

of the most common viral infections of the lung 499, 500. Influenza viral infection is initiated when 

viral HA protein binds to 2-6 linkage sialic acid residues on the host cell surface. Virions, after 

binding to their “receptors” are internalized and trafficked to the endosome, where endosomal 

acidification facilitates conformational change in HA proteins, facilitating viral particle release of 

vRNPs and proteins into the cell. These vRNPS possess nuclear localization motifs and utilize 

cellular importin alpha and beta proteins to translocate to the nucleus where viral mRNA is produced. 

Viral proteins are translated from either the cytosolic ribosomes (PB1, PB2, PA, NP, NS1, NS2, and 

M1) or from the endoplasmic reticulum-associated ribosomes (HA, NA, and M2), where lipid 

membrane-bound protein is translocated to the plasma membrane for viral packaging and budding. 

The PB2 subunit of the viral mRNA transcription complex binds to the 5’ caps of host cell mRNA, 

cleaving off these caps to act as primers for viral mRNA transcription, a process termed “cap-

snatching” in order to stabilize production of its own mRNA 501. Viral replication and viability is an 

important aspect of viral fitness in the host, as a virus whose growth is retarded or cannot form 

complete infectious virions is more easily cleared by the body. Following translation of viral 

polymerase components PA, PB1, PB2, and NP, these are translocated back to the nucleus. nNRPs 

are translocated out of the nucleus and to the plasma membrane via association with cellular Rab11. 
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Although the exact mechanisms of vNRP enrichment at the plasma membrane are unknown, the 

virions are assembled at sphingosine and cholesterol-rich rafts 502. The IAV cycle of infection, 

replication, and egress is dependent on proper trafficking of viral vNRP and proteins, which is 

dependent on the virus’ fitness for hijacking host cellular processes, such as host kinase activity.   

 

 

The Etiological Signature of Viral Infection-Induced ALI.  

Severe infections in vulnerable populations or with pathogenic viral strains can result in rapid 

onset of ALI 503. This occurs when alveolar type 1 and 2 epithelial cells become infected and lead to 

loss of sodium pump activity and thus osmotic homeostasis, and development of pneumonia and 

damage to tight junctions. Additionally, infected cells contribute to production of inflammatory 

cytokines 504, which rapidly increases as infection progresses. Alveolar macrophages are the first-

responders to influenza infection, and rapidly secrete Type I interferons (IFNs) for the recruitment 

of inflammatory monocytes and generation of the early-infection antiviral state 505, 506.  The 

endothelium surrounding the lungs is sensitive to infection or tissue injury, triggered by stimuli such 

as inflammatory cytokines like TNFα, interleukins and interferon-γ, or pattern recognition receptor 

(PRR) activation. The morphological and functional changes that occur in the endothelium upon 

stimulation by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular 

patterns (DAMPs), which are present during infection  is termed as endothelial activation 507. In this 

manner, the endothelium acts as a sentinel for the immune system. During severe influenza infection 

and pneumonia, the endothelium becomes a key mediator of cytokine and chemokine production 

and expression of E-Selectin and P-selectin, which contribute to the recruitment of leukocytes and 

damage to the alveoli  503, 508. Endothelial activation also shifts the endothelium to a prothrombotic 
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state, inducing intravascular coagulation and the generation of the protease thrombin which 

subsequently triggers inflammatory signaling and endothelial barrier disruption 509, 510. The onset of 

ALI in some cases of severe influenza infection have been shown to occur due to a dysregulation in 

the type of immune cells recruited, such as in patients who had reduced monocyte recruitment after 

infection, leading to worse influenza outcomes 511.  

The stepwise manner in which infection accelerates deterioration of lung homeostasis, 

beginning when the epithelial layer and resulting in innate immune activation and strong endothelial 

response which escalates the inflammatory and immune response, can be modeled in mice using 

strains of influenza adapted to mouse infection 512, 513, and is also evidenced in intratracheal models 

of bacteria infection 514.  

In the next sections, we will introduce how kinase signaling mediates and drives both 

pulmonary virus infection and host-mediated ALI.  

 

Kinase Activity, Downstream Signaling, and ALI 

At the core of the disease, ALI is perpetuated by cell signaling pathways, which are mediated 

by kinase activity. Following infection, the activation of the endothelium occurs when innate 

immune cells secrete initiation factors TNFα and IL-1β, and the resulting release of thrombin 

initiates downstream signaling of Nuclear factor kappa-light-chain enhancer of activated B cells 

(NF-κB) and mitogen activated protein kinase (MAPK) pathways 515.  

These pathways, in turn, drive the endothelial dysfunction through increased leukocyte-

endothelial cell interactions, loss of vascular integrity, and coagulation processes through 

transcription 516. However, these signaling events are not homogeneous or redundant, but rather, 

downstream kinases are simultaneously activated and trafficked differentially depending on the 
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stimulus of origin. For example, the release of thrombin induces cleavage of the extracellular GPCR 

domain of PAR1 to stimulate G protein signaling, resulting in a spread of kinase activity. Gβγ leads 

to phosphatidylinositol 3 kinase (PI3K)/Akt activation, leading to subsequent IKK complex 

phosphorylation and the release of ReIA/p65 for transport to the nucleus and activation of 

transcription factors, while Gαq leads to downstream activation of PKC, c-Src, and the activation of 

MAPK p38. Yet, the signaling outcomes and initiated pathways are cell- and receptor-specific. NF-

kB and MAPK pathways are also activated through different downstream pathways when stimulated 

by TNFα, signaling through its receptor via PI3Kγ to activate PKCζ, leading to NADPH-mediated 

reactive oxygen species formation, triggering degradation of IκBα and ReIA/p65 nuclear 

translocation, while p38 is separately activated downstream of PKCδ. 515. These branching kinase 

signaling pathways are complex, and represent a major question in the field of kinase signaling and 

the progression of ALI: which signaling events drive which specific downstream events, and can 

targeted inhibition of subsets of inflammatory kinase signaling result in improved therapeutic 

outcomes? To explore this question, we will now focus on a major driver of influenza-induced ALI, 

MAPK signaling, with a focus on p38.  

 

MAPK Signaling Drives ALI 

The focus on MAPK signaling for this work is rooted in the multi-faceted roles this pathway 

plays in disease propagation, both from the side of the host and from the virus itself. P38 in particular 

plays a key role in the progression ALI (Fig. 1.3.1 A).  

MAPK signaling is an essential modulator of innate immune cells during ALI. MAPKs ERK, JNK 

and p38 increase macrophage expression of heme oxygenase-1 (HO-1) via nuclear factor erythroid 

2-related factor 2 (Nrf2), promoting the production of Type 1 IFNs 517, 518. MAPK p38 activity shifts 
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macrophages toward an M-1 like, or proinflammatory polarization, and has not shown to be involved 

in M-2, or anti-inflammatory macrophage polarization 519, 520.  

P38 drives vascular destabilization during ALI. Microtubule-associated protein 4 (MAP4), a tubulin 

assembly-promoting protein, is necessary for preserving cell-cell junctional structures in the 

endothelium. In in vitro studies in human pulmonary microvascular endothelial cells (HPMECs) 

exposed to TNFα or LPS (triggering TLR-4 activation) p38 phosphorylates MAP4 directly 521.  

P38 plays roles in lymphocyte activation and chemotaxis to sites of infection. The kinase, through 

MK2-mediated cytosolic accumulation of Human antigen R (HuR), a posttranscriptional 

regulatory factor, modulates the expression of intracellular cell adhesion molecule-1 (ICAM1) 

expression, leading to increased neutrophil adhesion to the endothelium 522. Additionally, p53 is a 

direct target of p38, leading to its accumulation and positively regulating ICAM-1 expression in 

part alongside NF-κB signaling 523, 524. HuR binds to AU-rich element (ARE) found in the 3’ 

untranslated regions of mRNA, and influences the half-life and translation of mRNAs such as 

TNFα, COX-2 and TLR4 525, 526. Indeed, p38’s function in post-translational regulation via MK2 

and HuR may function as a key factor in the positive feedback loops associated with ALI 

progression. HuR also binds to and protects the mRNA for High mobility group box 1 (HMGB1) 

527. HMGB1 is a DNA binding protein that triggers cytokine expression, potently activates TLR4 

signaling and can activate p38, which, in turn, positively regulates HMGB1 expression via IL-1β 

and TNFα 528. HMGB1 has also been shown to bind to influenza nucleoprotein (NP), promoting 

viral growth and enhancing activity of viral polymerase 529.  

P38 drives viral replication. In addition to host-mediated responses during ALI, p38 is also involved 

in respiratory viral infection and replication. P38 is involved with Sars-CoV and Sars-Cov-2 

infection via viral-mediated downregulation of ACE2 expression, leading to inflammation 61. Sars-
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CoV also expresses a viral protein that upregulates p38 in vitro, possibly inducing endocytosis of 

viral receptors that facilitates entry 530. In the same study, inhibition of the kinase in an in vitro lung 

epithelial cell model reduced viral replication in Adenoviridae, paramyxoviridae, Picornaviridae, 

and Orthomyxoviridae (the family of viruses including influenza A) and was activated ten-fold 

higher in infection by influenza vs RSV 530. P38 activity has been shown to be essential for highly 

pathogenic influenza protein expression, with nearly 90% of viral proteins inhibited by kinase 

inhibition, concomitant to a reduction in viral-induced cytokine expression 531. 

Kinase signaling is also self-regulating in normal function. In addition to all its roles in propagating 

pathology, the p38 kinase is also important for the anti-inflammatory response. P38α, alongside the 

other MAPK kinases ERK1 and ERK2, activate mitogen- and stress-activated kinases (MSKs) to 

result in increased transcription of anti-inflammatory cytokines such as IL-10 and IL-1 receptor 

agonist (IL-1RA) following TLR signaling in macrophages. MAPK-induced MSKs also negatively 

regulate through induction of expression of dual specificity phosphatases (DUSPs) 532, 533. For these 

important reasons, pan-inhibition of kinase function may have unintentionally deleterious effects, 

such as the loss of anti-inflammatory mediators.  

In the next section, we will cover current therapeutic options for treatment of ALI.  

 

Current Treatment and Investigations into Therapeutics for ALI 

The most critical component of acute lung injury is the loss of gas exchange, and effective 

treatment begins at the restoration of the epithelial/endothelial barriers. Current standard of care 

treatments for lung injury center around careful open lung ventilation strategies, which utilize 

positive expiratory-end pressure (PEEP) alongside low tidal volume ventilation to prevent alveolar 
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collapse. However, the heterogeneity of respiratory distress during ALI makes the tuning of PEEP 

difficult 534. 

Pharmacological interventions for pulmonary injury, including acute phase glucocorticoid 

therapies 535, 536, inhaled nitric oxides 537, the free radical scavenger procysteine 538, N-

acetylcysteine 539 and others 489 have not been successful. Over a decade ago, investigators began 

to shift away from modulating inflammation to pursuing cell-based therapies, such as bone 

marrow-derived mesenchymal stem cells, which are able to help repair damaged tissue, alter the 

secretion of cytokines, and increase rate of alveolar fluid clearance 540. Other ongoing studies are 

investigating nanopeptides that target sodium channels to clear alveolar fluid, which show 

promising results in animal models 541, but were ineffective in a Phase IIa clinical trial 542. 

Conversely, interferon β-1a has been shown to help prevent endothelial leakage and improve 

patient outcomes in a phase I/II open-label study in the UK, through induction of CD73, an 

ectonucleotidase which dephosphorylates extracellular AMP to adenosine. 543 However, since this 

study’s completion in 2011 there have been no follow-up studies in ARDS models according to 

clinicaltrials.gov. Lastly, microRNAs, or small non-coding RNA that control gene expression, 

could be used or targeted to modulate the main pathophysiological drivers of lung injury 544, 545. 

New therapeutic avenues for exploration are needed. In the previous sections, we 

introduced atypical p38 signaling as a potent driver of inflammation and ischemic reperfusion 

injury. However, atypical p38 signaling by interaction with TAB1 remains almost entirely 

uncharacterized in the lung environment, including inflammatory disease states. We uncovered 

that the atypical p38 signaling pathway is conserved in human pulmonary microvascular 

endothelial cells (HPMEC) of the lung when stimulated by GPCR agonists histamine and 

prostaglandin E2 (PGE2) (Fig. 1.3.2 A), which have previously been associated with atypical 
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signaling in other endothelial cell lines 90. The conservation of atypical signaling in these cells 

after GPCR agonist stimulation is indicated by blockade of p38 autophosphorylation (lanes 2,3) 

by SB203580 (lanes 5,6). As a precursor model to our studies, we investigated if another 

inflammatory agent, lipopolysaccharide (LPS), induces the secretion of secondary signaling 

cytokines and GPCR agonists that initiate atypical p38 signaling, (Fig. 1.3.2 B). When stimulated 

by media from cells that had been previously exposed to LPS, p38 phosphorylation was increased 

(LPS, 10-25 min), but in cells pre-treated with SB203580 prior to exposure, this phosphorylation 

was inhibited, and TAB1 migration was shifted down correspondingly (LPS + SB Preinc, 10-25 

min). While preliminary, these results indicate that atypical signaling is involved in the complex 

cellular response following an inflammatory insult, and may thus be a targetable subset of p38 

activation in the context of ALI. 

 

The Goals of This Dissertation Research 

As we covered in part 1, the study of atypical p38 signaling is a rapidly growing field, with 

roles for and therapeutic potential for targeting the interaction between TAB1 and p38 becoming 

better defined. This, paired with the development of novel imaging tools to study endogenous 

protein-protein interaction with subcellular resolution as was covered in part 2, allows 

investigators to pursue some of the questions surrounding the molecular regulation of atypical 

signaling within the cell, and its role in the progression of inflammatory disease. Given the known 

roles of atypical signaling in endothelial vascular stability 31, cytokine expression 85, and 

inflammatory cell recruitment 199, a glaring unknown in the field is the role the atypical pathway 

plays in the lung environment during acute lung injury (ALI) (Fig. 1.3.1 B). 
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In chapter 3, we utilized a low pathogenicity H3N2 X31 influenza model to explore 

potential roles of the atypical signaling pathway in the progression of inflammatory lung injury. 

In the next chapter, we explored another unknown; how atypical signaling is regulated in a 

subcellular manner.  

 

In summary, the objectives of this work were:  

Objective 1: To better understand the spatiotemporal regulation of MAPK p38 (Chapter 2).  

Objective 2: To elucidate the impact of TAB1-p38 interaction in the progression of inflammatory 

lung disease (Chapter 3).  

 

Overall, we hypothesized that atypical MAPK signaling has differential localization relative to 

canonical signaling, and that spatially driven atypical MAPK drives influenza-induced acute lung 

injury.  

 

In chapter 4, we will reflect on these findings and interpret how they might fit into the 

larger questions of atypical p38 signaling as an understudied phenomenon. Lastly, we will suggest 

future directions for this research.  
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Figure 1.3.1: P38 is a known therapeutic target for acute lung injury. A) Model of a healthy 
lung alveolus and an alveolus during ALI. During healthy lung function, alveolar macrophages 
(MØ) patrol the alveolus for pathogens, alveolar type-2 cells secrete a layer of surfactant to protect 
alveolar structure, and a thin barrier between the alveolar epithelium and endothelium is 
maintained. During ALI, macrophages are activated and secrete cytokines and chemokines that 
drive immune recruitment and vascular destabilization, leading to barrier disruption, fluid buildup 
in the alveolus, and loss of gas exchange function. Recruited fibroblasts synthesize components of 
the ECM, leading to scarring. MAPK p38 is a known driver these processes. B) Hematoxylin and 
Eosin (H&E) lung tissue slides from wild-type (WT) and TAB1-KI (TAB1KI) mice at baseline 
(control) or following infection with X31 influenza (IAV). Scale bars, 200 µM.  
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A.       B. 

 
Figure 1.3.2: Atypical signaling is conserved in human lung endothelial cells.  
A.) HPMEC pretreated with 5µM SB203580. Histamine and PGE2 mediated p38 
phosphorylation (lanes 1-3) is blocked by SB203580 (lanes 4-6, quantified in graphs, N = 3, 
mean +/- SD, ** = P <0.01.) Comparisons made by one-way ANOVA. B.) HPAEC stimulated 
with media from cells exposed to LPS or pre-treated with SB203580 and exposed to LPS.  
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FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET) SPATIOTEMPORAL 

MAPPING OF ATYPICAL P38 REVEALS AN ENDOSOMAL AND CYTOSOLIC SPATIAL 

BIAS3 
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Introduction  

The highly conserved subfamily of MAPK p38 (consisting of four members α, β, γ, δ) are essential 

regulators of intracellular stress responses. Dual phosphorylation of p38 at the conserved 

Threonine-Glycine-Tyrosine (TGY) motif (T180 and Y182) by the upstream MAP kinase kinase 

(MKK3/6) is essential for classical p38 activation. MKK3/6 can activate all four family members, 

regulating many physiological and pathological processes, including cell growth, proliferation, 

wound healing, and inflammation 60. The diverse physiological functions and the conserved 

mechanism of activation by MKK3/6 dictates that intracellular signaling is regulated through 

substrate availability and intracellular localization of p38.  

 Cellular stress induces p38 activation and intracellular redistribution, targeting p38 to 

selective pools of substrates. In a resting state, p38 is typically distributed between the cytosol and 

nucleus. However, after activation, all p38 isoforms are rapidly translocated to the nucleus, a step 

that is critical for nuclear resident transcription factor activation 363. Conversely, p38 also has 

critical roles in the cytosol, activating cytosolic transcription factors to induce their nuclear 

translocation and activating other cytosolic kinases 35, 363. 

 In addition to the classical MKK3/6 activation pathway (Fig. 2.1Ai), p38 can also be 

activated by two selective atypical mechanisms that direct p38 autophosphorylation and activation 

255. The first selectively occurs in T-cells, utilizing the tyrosine kinase Zap70 to phosphorylate p38 

at Tyr323. Phospho-Tyr323 triggers a conformational change driving p38 autophosphorylation at 

Thr180 in trans between homo or heterodimers of p38α and p38β 91, 226. The second atypical p38 

pathway is mediated by the direct binding of p38 to the adaptor protein Transforming growth factor 

beta-activated-kinase-1-binding protein-1 (TAB1) 75. The c-terminal peptide of TAB1 selectively 

binds only the p38α isoform at two distinct binding sites, inducing a conformational change and 
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enabling p38α autophosphorylation 71, 74, 81. Critically, TAB1-dependent atypical p38 activity has 

been shown to regulate key pathological processes in a widening array of diseases, including 

cardiac damage, vascular inflammation, viral and parasite infections, recently reviewed 255. 

 Atypical p38 is initiated through several mechanisms, including hypoxia, oxidative stress, 

and G protein-coupled receptors (GPCRs). Stimulation of multiple inflammatory GPCRs can 

trigger activation of an E3 ubiquitin ligase, NEDD4.2, through a conserved tyrosine 

phosphorylation switch mechanism, inducing GPCR ubiquitination and scaffolding of the atypical 

p38 signaling complex through TAB2 binding to ubiquitinated GPCRs and recruitment of TAB1 

31, 32, 90 (Fig. 2.1Aii). Nevertheless, the explicit mechanisms that control TAB1-p38-dependent 

atypical activity through GPCR-independent pathways have not been described in detail 71, 74, 75, 

255. Regardless, there are several common factors during atypical signaling: the TAB1-p38 

interaction is relatively stable 71, atypical p38 activation induces TAB1 phosphorylation, TAB1 

phosphorylation blocks TAB1 interaction with TAK1 further amplifying the atypical pathway 79, 

and the dual phosphorylation of p38 is identical to MKK3/6 dependent phosphorylation (T180 and 

Y182) 75. Atypical p38 signaling must therefore exhort differential cellular responses through an 

alternative regulatory process.  

Recent studies have highlighted the spatiotemporal control of G-proteins and MAPKs at the 

endosome, Golgi, and ER, driving selective and physiologically critical signaling responses where 

the subcellular location of the kinases or receptors induces selective cellular responses 356, 546-548. 

Advances in genetically encoded Fluorescence Resonance Energy Transfer (FRET)-biosensors 

have enabled detailed spatial studies of ERK1/2 activity using the EKAR4 ERK activity biosensors 

358. Despite the development of a comparable p38 activity FRET biosensor 48 there have been no 

studies into the spatial control of atypical p38 MAPK.  
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This study aimed to develop a platform of subcellular targeted genetically encoded FRET 

biosensors to spatially map p38 activity. Using live-cell imaging of cells transfected with p38 

FRET sensors targeted to the plasma membrane, cytosol, nucleus, and endosome, (Fig. 2.1B), we 

compared the kinase activity between osmotic stress and thrombin-mediated activation of 

protease-activated receptor 1, PAR1. We are the first to map the spatial dynamics of p38 activity 

in live cells and demonstrate a differential spatiotemporal profile for atypical p38 signaling, 

biasing p38 to the endosome and cytosol. These studies provide critical insight into how atypical 

p38 drives differential pathological inflammatory signaling during vascular inflammation and 

establish a broader paradigm for understanding atypical p38 responses. 

Results 

Spatial targeting of P38 FRET sensors.  

Recent studies described using a p38 FRET sensor to examine MKK3/6-dependent p38 

oscillations in HeLa cells 48. The FRET biosensor is a single molecule, with an n-terminal YFP 

and c-terminal SECFP, linked by a flexible peptide containing a p38 binding and phosphorylation 

motif and a WW domain (Fig. 2.1B) 48 We proposed that the addition of subcellular targeting 

motifs to this previously characterized activity biosensor would enable spatiotemporal mapping of 

MKK3/6 and TAB1-dependent p38 activation pathways (Fig. 2.1A). To determine the activity of 

p38 at distinct intracellular sites of the cell, we generated c-terminal tagged p38 FRET with a 

KRAS (Kirsten Rat Sarcoma viral oncogene homolog)-motif to target the plasma membrane (PM) 

549, the 2x FYVE (Fab1, YOTB/ZK632.12, Vac1, and EEA1, zinc finger) domains from hepatocyte  
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Figure 2.1: Model of P38 activation, localization, and translocation. A) (i) Schematic 
representation of cellular stress-induced Mkk3/6 activation and translocation of p38 cohorts. 
Rapid translocation to the nucleus and recycling back into the cytosol (ii) Atypical p38 activation 
after GPCR stimulation, unclear spatiotemporal dynamics B) Schematic representation of 
spatially targeted p38 FRET biosensors, C- terminal fused subcellular localization motifs 1) 
Plasma membrane, 2) cytosol, 3) Nucleus, 4) Endosome.  
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growth factor-regulated tyrosine kinase substrate (HRS) to target the endosome via binding to the 

membrane lipid phosphatidylinositol 3-phosphate, PtdIns3P which are enriched in early 

endosomes 550, 551, a nuclear export sequence (NES,  cytosol) to target the cytosol 552, and nuclear 

localization sequence (NLS, nuclear) to target the nucleus, 553 (Fig. 2.1B). The spatial p38 FRET 

sensors were transiently expressed in HeLa cells, and confocal imaging revealed the predicted 

localizations of each biosensor (Fig. 2.2A), confirmed via costaining with specific spatial markers 

and calculating Pearson correlation coefficients (r); BiotrackerTM orange = plasma membrane, r= 

0.466 +/-0.131; GAPDH-647 = cytosol, r= 0.351 +/-0.107; RedDotTM2-far-red nuclear stain = 

nucleus, r= 0.436 +/-0.132;  (Suppl. Fig 2.1A-C). The subcellular localization of the 2xFYVE 

endosomal sensor was additionally validated by coexpression with the endosomal associated wild 

type GTPase Rab5  (Rab5-mRFP), or constitutively active Rab5 Q79L-mRFP, which displays an 

endosomal trafficking and fusion defect leading to enlarged endosomes 554, 555.   Pearson 

correlation coefficients (r) (wt Rab5  r= 0.448 +/- 0.13, or Q79L Rab5 r= 0.0446 +/- 0.15) 

confirmed that 2xFYVE targeting is the biosensor colocalized with Rab5 positive early endosomes 

(Suppl. Fig 2.1D and E), as previously shown 554-556.  

Osmotic stress by NaCl induces rapid p38 activation with the peak in the nucleus.  

To validate the platform of spatial biosensors, we first utilized NaCl-induced osmotic 

shock. Osmotic shock is a classic example of MKK3/6 p38 activation, where RAC GTPase 

interacts with and activates an osmosensing complex driving MEKK3-dependent MKK3 

activation. MKK3-dependent p38 phosphorylation induces a rapid translocation of p38 to the 

nucleus 33. Osmotic stress was induced using 300 mM NaCl in cells expressing the p38 sensor 

panel. Baseline FRET responses were allowed to stabilize before stress induction. Osmotic stress 

induced rapid p38 activity in all four spatial constructs, with p38 activity measured as normalized 
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FRET/SECFP ratio over time, the grey lines representing individual cells, and the color line 

representing the experimental average (Fig. 2.3A-E), representative examples for ratiometric 

FRET responses displayed as pseudo color look up table (LUT) images (Suppl. Fig.2). Maximal 

FRET response (FRETMAX) was rapidly achieved with a FRETT½ (half the time to reach FRETMAX) 

within 30 seconds in all but the cytosol, in which individual cells had a greater distribution of 

FRETT½ values over 2-4 minutes with an average of 2 minutes (Fig. 2.3F, G). The PM and 

cytosolic biosensor FRETMAX peaked at 1.08 (black) and 1.14 (red) over baseline, respectively 

(Fig. 2.3A, B, E, & F). The endosomal population peaked at 1.17, which was not significantly 

different from the cytosolic signal. Conversely, the nuclear FRETMAX peaked at 1.24 over baseline, 

significantly higher than the other populations (Fig. 2.3C, E, & F, blue). Note that NaCl induced 

p38 activity returned close to basal levels at 30 minutes and SB203580 addition displayed no 

further reduction in FRET responses, Fig. 2.3A-E as indicated). 

Spatial mapping of thrombin activation of PAR1 reveals a differential atypical p38 profile. 

We have previously established that the thrombin activated GPCR, PAR1, induces a robust 

atypical p38 activation pathway 31, 32. To determine whether thrombin activation of PAR1 induced 

spatially selective atypical p38 dynamics we co-transfected HeLa cells with PAR1 and each of the 

four biosensors. Thrombin-induced robust p38 activity in the cytosol, peaking with a FRETMAX of 

1.2 (Fig. 4B, E, F, red, and pseudo color LUT images Suppl. Fig.3A). A reduction of p38 FRET 

consistently preceded the increase in p38 activity immediately after thrombin stimulation. This 

transient drop of p38 cytosolic activity lasted ~5 minutes before increasing. Notably, thrombin 

displayed slower p38 activation dynamics with a FRETT1/2 of ~8 minutes compared to osmotic 

stress (Fig. 4G and Fig. 3G). Contrary to the cytosolic signal, thrombin induced a rapid initial 

increase in p38 activity at the endosome. Within 1 minute, the FRET ratio reached ~ 1.05, before  
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Figure 2.2: P38 biosensor platform localized to subcellular compartments  
A) Representative fluorescent (SECFP, YFP, merged) confocal images of HeLa cells transiently 
expressing biosensors with spatial targeting motifs for the plasma membrane (PM), cytosol 
(Cyto.), nucleus (Nuc.), or endosome (Endo-FYVE). Scale bars, 10 µm.   
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a slower gradual rise to a FRETMAX of 1.19. The FRETMAX was comparable for the endosomal and 

the cytosolic sensors (Fig. 4B, D, and E, pseudo color LUT images Suppl. Fig. 3B, compared to 

NaCl treatment Fig. 3B, D, and E, red and purple). Contrary to the transient activation of the 

p38 FRET responses after osmotic shock, thrombin activity was sustained. To confirm that the 

FRET sensor was not locked in active confirmation, endosomal and cytosolic FRET activity were 

blocked at 30 minutes using the p38 selective chemical inhibitor, SB203580 557 (Fig. 4A-E as 

indicated), but not after DMSO addition (Suppl. Fig. 4A-D as indicated) demonstrating that the 

detected increase in FRET ratios and SB203580 dependent loss are due to p38 activity. The 

endosome is hypothesized to be a central nexus of PAR1 p38 signaling 31, 32, 98. To confirm the 

rapid endosomal signaling by thrombin, we targeted the FRET biosensor to the endosome by 

replacing the small 2xFYVE PtdIns3P binding domain with the larger full-length early endosomal 

GTPase, Rab5 550, on the c-terminus of the FRET biosensor. The Rab5-directed sensor colocalized 

with the early endosomal associated protein 1, EEA1 (Suppl. Fig. 1)  and also displayed a rapid 

thrombin-mediated activation reaching a FRETMAX of 1.09 at 3 minutes before dipping and rising 

again (pseudo color LUT images Suppl. Fig. 3E, Suppl. Fig. 5A purple). However, contrary to 

the 2xFYVE sensor, NaCl failed to solicit a robust Rab5-FRET response (pseudo color LUT 

images Suppl. Fig. 2E, Suppl. Fig. 5B). Unlike the rapid nuclear FRET response seen for NaCl, 

thrombin induced a minimal but consistent nuclear signal, with a FRETMAX peaking at ~1.06 (Fig. 

2.3C, E, 4C, E blue, pseudo color LUT image Suppl. Fig.3C).  

While NaCl induced a rapid increase in p38 activity at the plasma membrane (Fig. 2.3A, 

E black), thrombin-induced plasma membrane responses were distinctly different, as FRET ratios 

rapidly dropped below baseline to ~0.95 before slowly recovering, but never rising above baseline 

FRET signal (Fig. 2.4A, E black, pseudo 0color LUT image Suppl. Fig. 3C). Of note, all 



 

79 

acquisition parameters were identical to those during NaCl treatment. SB203580 addition post-

stimulation had no detectable influence on the thrombin induced PM-FRET activity (Fig. 2.4 A, 

E black).  

While GPCR-induced p38 activity was detected in the endosome and cytosol, thrombin-

mediated activation of p38 displayed a distinctly differential profile to that seen for osmotic stress 

in Fig. 3, biasing p38 activity away from the nucleus into the cytosol and endosome (Fig. 4). We 

have previously shown that atypical p38 signaling is conserved for a family of inflammatory 

GPCRs. To confirm the GPCR-specific spatiotemporal bias for p38 activity, we examined 

prostaglandin activation of the prostaglandin E receptors 2 and 4, EP2 (PTGER2) and EP4 

(PTGER4). Both receptors displayed comparable spatial profiles to that seen for thrombin-

activated PAR1, with peak activations for cytosolic and endosomal sensors and minimal activation 

at the PM or in the nucleus (Suppl. Fig. 6A-F (EP2) and 7A-F (EP4)), although cytosolic 

activation was slower for both receptors than seen for a-thrombin (Suppl. Fig. 6G (EP2) and 7G 

(EP4)). 

FRET response is driven by p38 activity.  

The p38 biosensor was previously shown to be selective for p38a in response to interleukin 

1b 48. We show in Fig. 2.4A-D that the addition of SB203580 suppresses FRET responses in the 

cytosolic, endosomal, and nuclear compartments, but as thrombin did not induce activity at the 

plasma membrane, the inhibitor did not reduce this FRET value further. To confirm that the 

detected FRET response for GPCR signaling is specific to p38 activity, cells were preincubated 

with SB203580 before stimulation with thrombin or NaCl. All FRET sensors displayed reduced 

FRETMAX compared to values shown in Fig. 2.3 and 2.4 (combined in Fig. 2.5). SB203580 

blocked thrombin responses in cytosolic, endosomal, and nuclear FRET ratios. Notably, the drop 
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in PM FRET ratio in response to thrombin (Fig. 2.4A) was blocked by SB203580 pretreatment, 

with the FRET ratio remaining close to the baseline and comparable to cytosolic, endosome and 

nuclear biosensors pretreated with SB203580 (Fig. 2.5B, compare black dotted line with black 

full line).  SB203580 preincubation also suppressed Rab5 FRET responses (Suppl. Fig. 2.5C,D). 

To further confirm the specificity of the p38 FRET sensor we also generated a null-FRET-cytosolic 

sensor, mutating the critical p38 target serine residues to alanine (Suppl. Fig. 2.8A). The cytosolic 

null-FRET blocked both a-thrombin (Suppl. Fig. 2.8B) and NaCl (Suppl. Fig. 2.8C). 

Inhibition of receptor internalization spatially flips GPCR signaling dynamics. 

After thrombin activation, PAR1 is rapidly removed from the plasma membrane via 

clathrin-mediated endocytosis (CME) 558-560. Prior studies demonstrated that PAR1 ubiquitination 

and activation of p38 signaling is retained when CME is blocked via the dynamin inhibitor 

Dyngo4A (Fig. 2.6A) 32. This suggests that atypical p38 activity is initiated and sustained at the 

plasma membrane when CME is inhibited. To examine whether endosomal trafficking is required 

to drive the spatial bias GPCR-induced signaling to the cytosol/endosome, we treated cells with 

Dyngo4A before activation. 

Initially, we assessed the effect of Dyngo4A pretreatment on osmotic stress-induced p38 

activation. Pretreatment of cells with Dyngo4A had a minimal impact on NaCl-induced p38 

activation profiles of all four biosensors (Fig. 2.6B-F, and Suppl. Fig. 2.9A-F) FRETMAX values 

from Fig. 2.3F, solid bars plotted next to Dyngo4A FRETMAX checkered bars). NaCl activity 

analysis of the FRETMAX for all sensors revealed no significant change (Fig. 2.6B-F). Dyngo4A 

also did not change the FRETT1/2 (Suppl. Fig. 2.9G), demonstrating that Dyngo4A does not alter 

osmotic stress (MKK3/6) dependent p38 activation, confirmed by immunoblotting (Suppl. Fig. 

2.11 A,B, lanes 1-6). 
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Figure 2.3: Subcellular mapping of MKK3/6 dependent p38 activity. A-D) Activation of p38 
using FRET biosensors localized to the plasma membrane A), cytosolic B), nuclear C), or 
endosomal D) expressed in HeLa cells incubated with 300 mM NaCl and SB203580 (SB). FRET 
ratios were normalized prior to NaCl addition. Individual cell FRET ratios are depicted in gray (n 
> 30-60 cells per biosensor). Average FRET ratio is indicated by colored lines. E) Overlay of 
representative normalized averages of FRET ratio in biosensor platform from A-D). F) Maximum 
change in FRET ratio (FRETMAX) of individual cells pooled from 3 independent repeats, (n > 80-
150 ROIs per biosensor. mean +/- SEM) were analyzed by One-Way ANOVA (****, p < 0.0001). 
G)  FRET response kinetics, T ½ values of cells in A-D (mean +/- SEM). 
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Figure 2.4. P38 activation is differentially regulated by thrombin. A-D) Activation of p38 
using FRET biosensors localized to the plasma membrane A), cytosolic B), nuclear C), or 
endosomal D) expressed in HeLa cells incubated with 10nM a-thrombin and SB203580 (SB). 
FRET ratios were normalized prior to a-thrombin addition. Individual cell FRET ratios are 
depicted in gray (n > 30-60 cells per biosensor). Average FRET ratio is indicated by colored lines. 
E) Overlay of representative normalized averages of FRET ratio in biosensor platform from A-D). 
F) Maximum change in FRET ratio (FRETMAX) of individual cells pooled from 3 independent 
repeats, (n > 80-150 ROIs per biosensor. mean +/- SEM) were analyzed by One-Way ANOVA (*, 
p < 0.05, ****, p < 0.0001). G)  FRET response kinetics, T ½ values of cells in A-D (mean +/- 
SEM). 
 



 

83 

Figure 2.5. FRET response driven by p38 activity. Activation of p38 using FRET biosensors 
localized to the plasma membrane, cytosolic, nuclear, or endosomal expressed in HeLa cells 
preincubated with SB203580 (SB) prior to 300 mM NaCl A) or 10nM α-thrombin B). FRET ratios 
were normalized prior to the addition of NaCl or a-thrombin. The average FRET ratio is indicated 
by solid-colored lines, dashed lines indicate representative plots from Fig. 3 in A and Fig. 4 and 
B, and representative plots from >2 independent repeats (n > 30-60 cells ROIs per biosensor. mean 
+/- SEM). 
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Contrary to NaCl treatment, Dyngo4A treatment was predicted to enhance thrombin-induced PM 

p38 signaling as CME traps active PAR1 at the PM, recruiting NEDD4-2 to the PM 32. Dyngo4A 

pretreatment blocked thrombin-induced loss of FRET signaling at the PM and displayed a small 

but significant thrombin dependent increase relative to controls (Fig. 6B, FRETMAX values from 

Fig. 4F, solid bars plotted next to Dyngo4A FRETMAX checkered bars, Suppl. Fig. 10 A,F black). 

However, FRETMAX for both endosomal and cytosolic biosensors were significantly reduced after 

inhibition of CME (Fig. 6 C, E, FRETMAX values from Fig. 4F, solid bars plotted next to Dyngo4A 

FRETMAX checkered bars from Suppl. Fig 10B, D, E, F, red and purple). Rab5 endosomal 

signaling was also blocked by pretreatment with Dyngo4A (Fig. 6F and Suppl. Fig. 12A,B).   

Contrary to the cytosol and endosome, the nuclear p38 displayed a significant increase in 

FRETMAX of 1.13 (Fig. 6D blue, Suppl. Fig 10C, E, F blue). Despite these changes in spatial 

FRET signaling, p38 phosphorylation was unaffected by Dyngo4A (Suppl. Fig. 11A,B, lanes 7-

12). 

When correlating the contribution of each compartment to the collective maximal FRET 

signal for all locations, the relative ratios of NaCl FRET responses were unchanged after the 

addition of Dyngo4A. Nuclear p38 represented 37%, endosome 27% cytosol 23% and plasma 

membrane 13% (Fig 2.7A). Whereas thrombin displayed 45% endosome, 42% cytosol, and 13% 

nuclear signaling. After Dyngo4A treatment, the ratios switched for thrombin activation, with 12% 

at the plasma membrane, 20% endosome, 31% cytosolic, and 37% nuclear. Intriguingly the 

Dyngo4A flipped the distribution of p38 activation (Fig. 2.7 A,B) so that it mirrored the 

distribution seen after NaCl treatment (Fig. 2.7A and Biii). Together these data suggest that 

atypical p38 signaling is spatially biased to the cytosol/endosome and that blockade of receptor  
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Figure 2.6: Blockade of GPCR internalization changes spatial FRET bias. 
HeLa cells transiently expressing biosensors and PAR1 were preincubated with 15 µM Dyngo4A 
for 45 min prior to stim with 10 nM α-thrombin (α-Thr) or 300 mM NaCl. A) Schematic 
representation of clathrin mediated endocytosis and the site of action of Dyngo4A inhibition, 1-3) 
cargo and adaptor proteins drive the formation and stabilization of clathrin coated pits on the 
plasma membrane, 4) dynamin is recruited to the clathrin coated pit 5) with assistants from actin 
dynamin drives scission and coated vesicle release, 6) Dyngo4A block dynamin dependent scission 
events. B-F) Average F-max values from figures 2.3 and 2.4 were compared to respective 
Dyngo4A F-max grouped by expression of B) plasma membrane, C) cytosol, D) nucleus, E) 
endosome (FYVE) or F) endosome (Rab5). Data (mean +/- SEM) analyzed by One-Way ANOVA 
(****, p < 0.0001) 
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internalization can flip the spatial bias to mimic that seen for MKK3/6-dependent signaling driving 

p38 activity into the nucleus (Fig. 2.7 Biii). 

Discussion  

Spatial regulation of kinases is critical for determining downstream functional outcomes. 

While there have been extensive studies into the spatial control of MKK3/6-dependent p38 

activation, there is a limited understanding of the spatial kinetics of atypical p38 activation, 

specifically after GPCR activation. In this study, we utilized a platform of spatially targeted p38 

FRET biosensors to conduct live-cell imaging experiments to investigate the spatiotemporal 

landscape of p38 activation in response to osmotic stress or thrombin-dependent GPCR activation. 

We demonstrate that GPCR-induced TAB1-p38 signaling displays a differential temporal profile 

of activity. Contrary to MKK3/6 dependent signaling, TAB1 mediated atypical p38 perturbs 

nuclear translocation of p38, sequestering and biasing kinase action to the cytosol and endosome 

(Fig. 7B). We have previously hypothesized that GPCR endocytic trafficking plays a critical role 

in this spatial bias. However, we now show that the endosomal spatial bias can be switched through 

inhibition of clathrin-mediated endocytosis, flipping p38 activity to a nuclear bias. 

Initially discovered in 2002, atypical p38 activation is mediated by the direct interaction 

between TAB1 and p38. TAB1 binding drives a critical conformational change in p38, enabling 

p38 autophosphorylation independent from the classical MKK3/6 mediated activation 75, 81. 

GPCRs drive atypical p38 activation via a ubiquitin-dependent scaffold, initiating the formation 

of a critical TAB2-TAB1-p38 signaling complex 31, 98, 255.   Ubiquitin-dependent initiation of 

atypical p38 signaling is a conserved mechanism for a family of GPCRs in both macrovascular 

and microvascular beds 90. 
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Figure 2.7: Atypical p38 signaling model 
A) FRET max values from each biosensor previously calculated in figures 2.3,4, suppl. 2.6,7, 
compiled as a percentage of the total FRETMAX responses. B) Proposed schematic of p38 spatial 
localization. I) osmotic stress as described in figure 1. ii) GPCR-mediated TAB1-p38 activation is 
rapidly trafficked off the plasma membrane to the endosome and the cytosol, with a small portion 
of nuclear p38. iii) GPCR-mediated stimulation with Dyngo4A preincubation arrests 
internalization and reduces p38 activity in the cytosol and endosome, increasing p38 trafficking to 
the nucleus.  
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Despite the predictions regarding the sequestration of TAB1-p38 in the cytosol, prior 

studies have relied upon fixed time points and overexpression studies to explore nuclear 

translocation and stabilization of the TAB1-p38 complex 71, 75, 79, 80, 88, 111, 114, 218. While these 

studies are highly suggestive, there are advantages to live-cell imaging, which allows for a 

comprehensive assessment of the spatially guided signaling dynamics in individual cells. Recent 

studies have highlighted this potential by exploring intracellular G-protein dynamics, and spatially 

resolved ERK1/2 signaling 356, 546-548, PKA 561, and AMPK nuclear signaling 562,  defining the 

critical spatial control of kinases, where adaptor and substrate accessibility drives their functional 

roles. While it is well known that p38 has a central role in the regulation of both cytosolic and 

nuclear proteins 35, 363, direct analysis of the spatiotemporal p38 dynamics has not been carried out.  

To overcome the lack of tools to explore p38 spatiotemporal signaling dynamics our current study 

compared the spatial kinetics of p38 activation at the plasma membrane, cytosol, endosome, and 

nucleus. As expected, osmotic stress-induced rapid activation at the PM and almost simultaneous 

translocation to the nucleus, where p38 activity peaked within seconds of activation. This is 

consistent with prior biochemical studies, as recently reviewed 363. 

On the contrary, GPCR activation displayed a distinctly different activation profile, with 

limited activity in the nucleus and a loss of activation at the PM. This is consistent with prior 

studies indicating PAR1 is rapidly trafficked away from the plasma membrane through clathrin-

mediated endocytosis, CME  32, 559, 560, 563. Although the E3 ubiquitin ligase NEDD4.2 is critical 

for atypical p38 activation by GPCRs, blockade of CME using Dyngo4A did not suppress receptor 

ubiquitination or p38 activation, which suggested that the atypical p38 signaling can occur at the 

PM. We had predicted that Dyngo4A treatment would lock atypical p38 at the PM, mirroring NaCl 

signaling dynamics. However, Dyngo4A failed to induce a rapid increase of p38 signaling at the 
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PM, suggesting that either the association with ubiquitinated PAR1 is so rapid that it is 

undetectable or CME inhibition changes p38 activity by restricting access to the endosome. 

 Indeed, the temporal dynamics of GPCR CME and endosomal trafficking of the 

ubiquitinated receptors suggested that atypical p38 signaling would be initiated at the endosome. 

Prior studies showed ubiquitinated PAR1 rapidly recruits TAB2 to endosomes via a Zinc finger 

ubiquitin-binding motif (ZnF) 31. The endosome-targeted FRET sensor showed the fastest p38 

activity after thrombin treatment, rapidly responding within 1 minute of activation, followed by a 

later second phase of activation increasing further. Cytosolic p38 activation by thrombin displayed 

an unexpected initial signal loss, which then steadily increased to match endosomal FRETMAX after 

25 minutes of stimulation. It is tempting to hypothesize that the initial loss of GPCR-induced 

cytosolic p38 stems from the rapid recruitment of p38 to endosomes.  

The cytosolic redistribution was conserved with the prostaglandin receptors EP2 and EP4 

but not seen for NaCl treatment which displayed a two-phase increase in p38 activity, an initial 

rapid activation, followed by a slower rise to FRETMAX at ~7 minutes. We have previously shown 

that PGE2 activation induces atypical p38 activity, and our data demonstrates that atypical p38 

signaling drives a comparable spatial bias for PGE2-induced p38 signaling by the human EP2 and 

EP4 receptors (PTGER2 and 4, respectively).  Further studies will be required to explore how 

conserved this bias is across GPCRs and non-GPCR-induced atypical p38 signaling. 

Of note, NaCl stimulation induced rapid endosomal signaling, suggesting that the endosome may 

also play a role in the initial phases of osmotic stress-mediated activation of p38.   

In addition to the  PI(3)P binding 2xFYVE 550 early endosomal targeted FRET sensor, we 

also included an alternative endosomal targeting strategy using the full-length wt-Rab5-FRET 

sensor. Rab5 is an early endosome GTPase that plays critical role in endosomal trafficking and is 
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classically used as a marker for the endosome 564, 565, Rab5 binds to and colocalizes with EEA1 at 

PI3P lipid membranes 550. Differing from the FYVE targeting, Rab5-FRET displayed a rapid peak 

in p38 activation after thrombin signaling before dipping and rising again. However, NaCl failed 

to activate Rab5-FRET biosensor responses. As Rab5 is being used as a targeting motif and the 

GTPase activity is not explicitly being measured, it is possible that the full-length Rab5 could be 

acting as a steric hindrance displacing the FRET sensors too far from the endosome to detect NaCl-

dependent signaling. Conversely, atypical p38 is scaffolded by GPCR-ubiquitin chains that drive 

the formation of the TAB2-TAB1 signaling complex, and this additional structure may position 

p38 activity to ideally activate the Rab5-FRET complex. Additional studies will be required to 

explore this in more detail. 

The endosome is essential in the regulation of signaling dynamics for multiple pathways, 

including for opioid receptors 566, follicle-stimulating hormone (FSH) 567, and endosomal signaling 

356. Each case alters the specific interactions with molecular adaptors that drive kinase activity. 

While Dyngo4A treatment didn’t induce the predicted rapid increase in PM p38 signaling, 

inhibition of CME significantly reduced thrombin-dependent FRETMAX of both endosomal and 

cytosolic p38 activity (Fig. 2.7A). Interestingly, in this context thrombin-dependent p38 displayed 

a temporal map simar to NaCl signaling with a rapid transient peak, albeit activated at a lower 

intensity than NaCl. Furthermore, Dyngo4A had the most pronounced effect on nuclear FRET 

activity after thrombin stimulation, inducing a rapid transient nuclear FRET response, with an 

average FRETMAX double that of the control cells. But, again, Dyngo4A did not affect NaCl-treated 

nuclear FRET responses. This suggests that the spatial bias of GPCR-induced atypical p38 

signaling at the endosome and cytosol (Fig. 2.7Bii) specifically requires clathrin-mediated \ 
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endocytosis or at least passage through the endosome. Disruption of this critical step flips 

the spatial signaling so that the atypical p38 dynamics mimic NaCl-dependent MKK3/6 profile 

(Fig. 2.7A and Biii). 

 The substrate and adaptor accessibility of p38 dynamically controls cellular functions, 

including the regulation of transcription factors 363, 568, or cell cycle regulators (usually inhibitors). 

Furthermore, differential signaling by p38 has been demonstrated by the duration/strength of p38 

activity, where transient activity leads to the proliferation of fibroblasts, but sustained signaling 

drives cell cycle arrest 569. Our data clearly demonstrates that atypical p38 drives a spatiotemporal 

bias and so perturbing access to essential adaptors and transcription factors in the nucleus. 

Importantly, the p38 biosensor used in this platform detects spatial kinase activity and substrate 

availability. However, FRET responses are also a measure of phosphatase activity to control p38 

activation and dephosphorylation of the sensor to terminate FRET signaling. While NaCl activity 

led to transient biosensor activation, demonstrating that FRET activation is reversible, thrombin 

activity was sustained for 30 minutes post-stimulation. Critically, SB203580 addition at 30 

minutes demonstrated that the FRET sensor was not locked into an active conformation, triggering 

a decaying FRET response that confirms the presence of active phosphatases, and suggesting that 

p38 kinase activity is sustained to maintain a FRET response to 30 minutes. A specific phosphatase 

has not yet been identified for atypical p38 activity, and studies are ongoing to determine how 

atypical p38 signaling is terminated physiologically. Additional studies are also required to 

characterize the kinetics of dephosphorylation of activity reporters in models of endogenous GPCR 

expression. Defining temporal changes in phosphorylation and transcriptional control in the 

nucleus and cytosol will be essential for understanding the pathological triggers regulated by 

atypical p38 in vascular inflammation and cardiac damage.   
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In summary, we have successfully demonstrated a distinctive profile for spatiotemporal 

atypical p38 signaling by GPCRs. After the formation of the TAB1-p38 complex, TAB1 remains 

bound to p38, which is thought to spatially bias p38 from entering the nucleus or slow its 

translocation 71, 74. Indeed, p38-dependent phosphorylation of TAB1 has also been suggested to 

spatially bias TAB1 away from the nucleus into the cytosol 79, 80, and that over-expression of TAB1 

can antagonize MKK3/6 activation, altering p38 subcellular localization 205. Spatial restriction is 

an essential regulatory mechanism for many kinases. Our current data shed new light on these 

dynamics, demonstrating that although p38 activation by both MKK3/6 or TAB1 leads to the 

identical dual phosphorylation of p38, differential functional outcomes of atypical p38 are likely 

driven by limiting access to specific adaptors and transcription factors in the nucleus. Indeed 

TAB1-p38 activation is known to play essential roles in inflammation, including endothelial 

barrier homeostasis and activation of cytokine expression 32, 90, 570, 571. Spatial sequestration in the 

cytosol likely enhances access to these critical elements driving pathological signaling. However, 

further studies are required to define the specific downstream targets of atypical p38 and the 

specific mechanism that TAB1-p38 harness to regulate pathological signaling. Furthermore, 

Dyngo4A-dependent blockade of CME flipped the temporal dynamics of atypical p38 signaling, 

shifting the focus from endosomal and cytosolic to nuclear signaling responses. The current studies 

provide a framework by which to explore the spatiotemporal dynamics of atypical p38 signaling 

in GPCR-dependent and -independent mechanisms and screen for molecular regulators that could 

be therapeutically targeted. Future studies should focus on determining how the endosome 

selectively controls the spatial bias in atypical p38 activity and identifying the spatially restricted 

targets that drive pathological atypical p38 responses. 

Methods and Materials 
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Cell culture - HeLa cells (Cat. No. Hela CCl2, ATCC Manassa, VA, USA) were used for all 

experiments. Dulbecco’s modification of Eagle’s medium (DMEM, Cat. No. 10-013-CV, Corning, 

Mediatech Inc., Manassas, VA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Cat. 

No. 35-010-CV, Corning, Mediatech, CA, USA) was used for cell maintenance. Cells were 

incubated at 37 °C in humidified conditions with 95% air and 5% CO2.  

Plasmids and Cloning of Spatial FRET biosensors- pcDNA3.1 FLAG-PAR1 was as previously 

described 31. PTGER 2 and 4 (Prostaglandin E receptor 2 and 4) were a gift from Bryan Roth 

(Addgene plasmid #66484 and #66486, respectively. Each receptor subcloned from FLAG-

PTGER2-TANGO and FLAG-PGTER4-TANGO, with a 3’ stop codon added to remove the 

TANGO tag 572. The p38 FRET-NES (PerKy) biosensor was a kind gift from Dr. Saito (University 

of Tokyo, Japan) and has been previously characterized 48. The FRET sensor was subcloned into 

pcDNA3.1 with spatial targeting motifs PCR-cloned onto the C-terminus of SECFP. The targeting 

motifs were 1) the plasma membrane, using a C-terminal lipid modification, Kras motif 549, 2)  the 

early endosome using 2xFVYE PI3P binding motif from mouse Hrs 550, or the full-length wild-

type Rab5 555, 3) the nucleus using a nuclear localization signal motif 553 and 4) diffuse cytosolic 

with nuclear export sequence 48. mRFP-Rab5 was generated for this study using PCR-directed 

cloning. Briefly, mRFP (pcDNA3-mRFP was a gift from Doug Golenbock (Addgene plasmid # 

13032 ; http://n2t.net/addgene:13032 ; RRID:Addgene_13032) was cloned onto the n-terminus of 

pcDNA3.1 Rab5 wt and Q79L 573, 574 using 5’ BamHI and 3’ EcoRI, sequences were verified using 

Sanger sequencing. 

Cell transfections - Cells were transfected in suspension with polyethyleneimine (PEI, Cat. No. 

23966 polysciences) incubated with plasmid DNA in Gibco OptiMem Reduced Serum media (Cat. 

No. 31985-070, Life Technologies Corporation, NY, USA) before plating in 35mm microscopy 
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dishes (Cat. No. 81156, Ibidi, Gräfelfing, Germany) coated with human fibronectin, 1.5 µg/cm2 

(Cat No. 356008 Corning, Mediatech Inc., Manassas, VA, USA) with DMEM (10% FBS) in a 

humidified incubator for 24 or 48h.  

Chemicals and reagents - Starvation medium composed of 0.1% bovine serum albumin (BSA, 

Cat. No. BP1600-100, Fisher bioreagents, NJ, USA) 20mM HEPES (Cat. No. H3537, Sigma-

Aldrich, MA, USA) 1mM CaCl (Cat. No. BDH9224, BDH Chemicals, OH, USA) in phenol-red 

free DMEM (Cat. No. SH30284.01, HyClone, UT, USA) and filtered through a nylon 0.45uM 

filter, was applied to transfected cells for 24h before live-cell imaging and exchanged to FRET 

imaging buffer (20 mM HEPES, 1mM CaCl2, 2g/L D-glucose (158968-500G, Sigma-Aldrich, 

MO, USA) 0.23mM Sodium Pyruvate (SH30239.01, HyClone, UT, USA) in Gibco Hanks 

Modified Balanced Salt Solution (Cat. No. 14065-056, Life Technologies Corporation, NY, USA), 

pH 7.4. SB203580, (Cat. No. S-3400, LC Laboratories, MA, USA, used at 25µM for 1h), Dynamin 

Dyngo 4A (Cat. No. ab120689, Abcam, Cambridge, UK, used at 15µM, 1h.). Rabbit anti-EEA1 

(Cat No. C45B10 Cell signal Technologies), rabbit-anti-GAPDH-Alexa647 (Cat No. 3907, Cell 

signaling technologies), rabbit Alexa fluor-594 (Cat No. A11012. Fisher Scientific). Rabbit anti-

total p38 (Cat No. 9212, Cell signal Technologies), Rabbit anti-phospho-p38 (Cat No. 4511, Cell 

signal Technologies), HRP-conjugated goat–anti-rabbit (Cat No. Bio-Rad Laboratories. 

Biotracker 555 Orange cytoplasmic membrane dye (Cat No. SCT107, EMD Millipore Corp). 

RedDotTM2-far-red nuclear stain (Cat No. 40060, Biotium). 

Fluorescence resonance energy transfer (FRET)-based live cell imaging - Images for live-cell 

fluorescence assays were acquired using a Zeiss LSM-800 microscope (Zeiss, Jena, Germany), 

Colibri LED, Axiocam 506 mono, and Plan-Apochromat 20x/0.8 M27 objective. With a heated 

environment stage 37 °C in humidified conditions with 95% air and 5% CO2. An excitation 
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wavelength of 433 nm, emission 475 nm filter, was used for “SECFP”, while an excitation 

wavelength of 433 nm, emission 524 nm filter was used for “FRET”. Channel images were 

acquired sequentially with 60 ms exposure for each channel. Image collection used Zeiss Zen Blue 

3.0 software. Each channel was background corrected, and the pixel-by-pixel brightness ratio of 

the “FRET” channel to the “SECFP” channel within each Region of interest (ROI) was calculated. 

FRET/SECFP channel light intensity was adjusted prior to data collection to achieve a baseline 

ratio average of 1.0. Typically, between thirty and fifty individual whole-cell ROIs were taken per 

experiment. In addition, ROIs were mapped across the experiment to follow cell movement. Cell 

exclusion criteria were limited to cells with a saturated SECFP or FRET intensity, cells 

morphologically indicative of death/division (rounded up or blebbing), or if cells were not wholly 

in the imaging frame. Images were collected using epifluorescence microscopy and presented as a 

ratiometric analysis of the emission from cyan (SECFP) and yellow (YFP/FRET). Fluorescence 

intensities were background-corrected by subtracting the background fluorescence intensity of a 

cell-free region from the emission intensities of biosensor-expressing cells. As such the FRET ratio 

from a small area versus the whole cell is comparable as the FRET response is normalized to the 

total CFP in the ROI rather than a fraction of the total area. As such an endosome/PM versus the 

whole cell ROI yields comparable dynamic responses (Supp. Fig13). Cells were acclimated in the 

heated environment for 10 minutes prior to imaging. Cells were incubated for 5 minutes or until 

fluorescent signals stabilized before stimulation. Dyngo4A-treated trials were performed in 

parallel to non-treated trials to ensure experimental comparability between conditions.  

For high-resolution 63x confocal imaging, live-cell images were collected with a 0.4µm z-section. 

FRET sensor expressing cells were co-labeled with RedDot2 (1:200) at 37 °C for 20 minutes, 

media was exchanged with phenol red free DMEM before live-cell imaging. For PM biotracker 
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orange, cells were placed at 4 °C and stained with 5µl per ml for 15 minutes. Cells were then rinsed 

with phenol red free DMEM before being fixed with 4% paraformaldehyde, washed with PBS and 

immediately imaged, as slide mounting disrupted PM labelling. For co-labeling with EEA1 or 

GAPDH-647, transfected cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% 

in triton X100, then incubated overnight at 4 °C with a primary rabbit anti-EEA1 (1:250) antibody 

and secondary anti-rabbit Alexa-596 (1:500), or GAPDH-647 (1:250) mounted and imaged with a 

plan-apochromat 63x/1.4 oil DIC M27 objective. Pearson Correlation Coefficient (r) was 

calculated within Zen Blue 3.0 software from whole cell ROIs.  

Immunoblotting – HeLa cells were seeded into 24-well plates, transfected, and grown as described 

above. Cells were serum starved O/N at 37oC before agonist stimulation with 10nM thrombin or 

10µM PGE2 as previously described 31, 90. Cells lysed in 1X Laemmli sample buffer plus 100mM 

DTT, sonicated at 10% amplitude and cell lysates resolved by SDS-PAGE, and processed for 

immunoblotting as previously described 90, with antibody dilutions of 1:4,000 for total p38 and 

1:3,500 for phospho-p38. Immunoblots were quantified by densitometry using NIH ImageJ 

software.    

Data analysis and Availability – All data were analyzed using Prism 9.0 software (GraphPad 

Software, La Jolla, CA) to unbiasedly calculate FRET max and T1/2 values. Prism was also used 

to calculate statistical significance using Student’s t-test and two-way analysis of variance 

(ANOVA), as indicated.   All datasets used and/or analyzed during the current study are available 

from the corresponding author upon reasonable request. 
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FOOTNOTES 

The abbreviations used are; ANOVA, analysis of variance; FRET, Fluorescence Resonance 

Energy Transfer; GPCR, G protein-coupled receptor; MAPK, mitogen-activated protein kinase; 

MKK, mitogen-activated protein kinase kinase; PAR1, protease-activated receptor-1; PGE2, 

prostaglandin E2; TAB, transforming growth factor-b activated kinase-1 binding protein1; a-Th, 

thrombin. 
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Supplemental Figures for Chapter 2 
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Supplemental Figure 2.1: p38 Biosensors Colocalize With Compartment-Specific Probes 
And Proteins  
Immunofluorescence confocal microscopy of fixed HeLa cells transiently expressing localized 
biosensors (displaying-SECFP) and probed for subcellular-specific markers (as indicted) as 
follows: A) plasma membrane with PM-Orange B) cytosolic with GAPDH-Alexa647 C) nucleus 
with Nuc-red D) 2XFYVE endosomal with wt-RAB5-mRFP E) 2XFYVE endosomal co-
transfected with Q79L-RAB5-mRFP F) RAB5 endosomal with EEA1(Alexa 594) G) Pearson’s 
Correlation Coefficient (r) quantifying biosensor-protein colocalization as described in A-F.  n = 
number of individual cells, representative of >2 independent biological repeats. Scale bars, 10 µm.    
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Supplemental Figure 2.2: Pseudo Color Images Of Biosensor Responses To NaCl  
Representative FRET/SECFP ratiometric images (pseudo colored) before and after treatment with 
NaCl, cells expressing A) NES - cytosolic B) NLS - nuclear C) KRAS - plasma membrane D) 
2XFYVE - endosome or E) RAB5 - endosome. Look Up Table (LUT) pseudo coloring where 
warmer colors represent higher FRET emission ratios and indicate spatially localized activity.  
Scale bars, 10 µm.    
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Supplemental Figure 2.3: Pseudo Color Images Of Biosensor Responses To Thrombin 
Representative FRET/SECFP ratiometric images (pseudo colored) before and after treatment with 
thrombin, cells expressing A) NES - cytosolic B) NLS - nuclear C) KRAS - plasma membrane D) 
2XFYVE - endosome or E) RAB5 - endosome. Look Up Table (LUT) pseudo coloring where 
warmer colors represent higher FRET emission ratios and indicate spatially localized activity.  
Scale bars, 10 µm.    
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Supplemental Figure 2.4: Thrombin-induced p38 Activity Is Not Altered By Addition Of 
DMSO Vehicle Control 
Activation of p38 using FRET biosensors localized to the A) plasma membrane  B) cytosol C) 
nucleus or D) endosome,  expressed in HeLa cells incubated with 10nM thrombin and vehicle 
DMSO. FRET ratios were normalized prior to thrombin addition. Representative normalized 
average FRET ratio, n > 20 cells +/- SEM, two independent biological repeats per biosensor.  
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Supplemental Figure 2.5: RAB5 Biosensor Endosomal Signaling By NaCl And Thrombin   
Activation of p38 using wt-RAB5 endosomal biosensor expressed in HeLa cells incubated with 
A) thrombin 10 nM B) NaCl 300 mM. C) SB203580 25 µM preincubation and thrombin, or D) 
SB203580 25 µM preincubation and NaCl. Representative FRET ratios were normalized prior to 
agonist addition. Individual cell FRET ratios are depicted in gray (n > 30-60 cells per biosensor). 
Average FRET ratio is indicated by colored lines.  
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Supplemental Figure 2.6: EP2 Induced p38 Activation 
Activation of p38 using FRET biosensors localized to the plasma membrane A) cytosolic B) 
nuclear C) or endosomal D) expressed in HeLa cells co-expressing EP2, incubated with 10 µM 
PGE2. FRET ratios were normalized prior to PGE2 addition. Individual cell FRET ratios are 
depicted in gray (n > 30-60 cells per biosensor). The average FRET ratio is indicated by colored 
lines. E) Overlay of representative normalized averages of FRET ratio in biosensor platform from 
A-D). F) Maximum change in FRET ratio (FRETMAX) of individual cells pooled from 3 
independent repeats, (n > 80-150 ROIs per biosensor. mean +/- SEM) were analyzed by One-Way 
ANOVA (****, p < 0.0001). G)  FRET response kinetics, T ½ values of cells in A-D (mean +/- 
SEM). 
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Supplemental Figure 2.7: EP4 Induced p38 Activation 
Activation of p38 using FRET biosensors localized to the plasma membrane A) cytosolic B) 
nuclear C) or endosomal D) expressed in HeLa cells co-expressing EP4, incubated with 10 µM 
PGE2. FRET ratios were normalized prior to PGE2 addition. Individual cell FRET ratios are 
depicted in gray (n > 30-60 cells per biosensor). The average FRET ratio is indicated by colored 
lines. E) Overlay of representative normalized averages of FRET ratio in biosensor platform from 
A-D). F) Maximum change in FRET ratio (FRETMAX) of individual cells pooled from 3 
independent repeats, (n > 80-150 ROIs per biosensor. mean +/- SEM) were analyzed by One-Way 
ANOVA (****, p < 0.0001). G)  FRET response kinetics, T ½ values of cells in A-D (mean +/- 
SEM).  
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Supplemental Figure 2.8: p38 Biosensor is Specific to Kinase Activity  
A) Schematic of biosensor design for FRET-Null, with key serine residues in p38 bait substrate 
mutated to alanine. Null-biosensor expressed in HeLa cells incubated with, A) thrombin 10nM B) 
NaCl 300 mM. Representative FRET ratios were normalized prior to agonist addition. Individual 
cell FRET ratios are depicted in gray (n > 30-60 cells per biosensor). The average FRET ratio is 
indicated by colored lines. 
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Supplemental Figure 2.9: Dyngo Treatment Does Not Alter Signaling Dynamics of Osmotic 
Stress 
Activation of p38 using FRET biosensors localized to the plasma membrane A) cytosolic B) 
nuclear C) or endosomal D) expressed in HeLa cells incubated with 300 mM NaCl. FRET ratios 
were normalized prior to NaCl addition. Individual cell FRET ratios are depicted in gray (n > 30-
60 cells per biosensor). The average FRET ratio is indicated by colored lines. F) Overlay of 
representative normalized averages of FRET ratio in biosensor platform from B-E). G) Maximum 
change in FRET ratio (FRETMAX) of individual cells pooled from 3 independent repeats, (n > 80-
150 ROIs per biosensor. mean +/- SEM) were analyzed by One-Way ANOVA (****, p < 0.0001). 
H)  FRET response kinetics, T ½ values of cells in A-D (mean +/- SEM). 
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Supplemental Figure 2.10: Dyngo Treatment Shifts p38 Activity Away From The Cytosol 
And Endosome 
Activation of p38 using FRET biosensors localized to the plasma membrane A) cytosolic B) 
nuclear C) or endosomal D) expressed in HeLa cells co-expressing PAR1, incubated with 10 nM 
thrombin. FRET ratios were normalized prior to thrombin addition. Individual cell FRET ratios 
are depicted in gray (n > 30-60 cells per biosensor). The average FRET ratio is indicated by colored 
lines. E) Overlay of representative normalized averages of FRET ratio in biosensor platform from 
A-D). F) Maximum change in FRET ratio (FRETMAX) of individual cells pooled from 3 
independent repeats, (n > 80-150 ROIs per biosensor. mean +/- SEM) were analyzed by One-Way 
ANOVA (****, p < 0.0001). G)  FRET response kinetics, T ½ values of cells in A-D (mean +/- 
SEM). 
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Supplemental Figure 2.11: Dyngo Treatment Does Not Inhibit P38 Activation 
A)  Representative immunoblot of HeLa cells transiently expressing PAR1 and stimulated with 
NaCl 300 mM or 10 nM thrombin for the indicated times in the presence of 15µM Dyngo-4A or 
DMSO control. Fold change of phospho-p38 over total p38 quantified from three independent 
repeats. (mean +/- StDev). B) Unprocessed chemiluminescent image of blot from A), merged with 
colorimetric image to show molecular weight marker.   
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Supplemental Figure 2.12: Dyngo Treatment RAB5 Signaling  
Activation of p38 using wt-RAB5 endosomal biosensor expressed in HeLa cells incubated with 
A) cells preincubated with Dyngo 4A (15 µM) for 1h prior to stimulation with thrombin 10nM B) 
NaCl 300 mM. SB203580 added at 30 minutes of stimulation as indicated. Representative FRET 
ratios were normalized prior to agonist addition. Individual cell FRET ratios are depicted in gray 
(n > 30-60 cells per biosensor). Average FRET ratio is indicated by colored lines.  
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Supplemental Figure 2.13: Comparable FRET Responses From Whole Cell or Endosomal 
Puncta  
Representative FRET/SECFP channel emission ratio time course comparing responses from an 
ROI drawn around a whole cell (in blue) and an ROI drawn around a single endosome (in purple) 
in HeLa cells transfected with pcDNA3.1 FLAG-PAR1 and 2XFYVE endosome localized 
biosensor, that endosomal p38 activity responses specifically come from endosomes. 
Representative fluorescent (merged YFP/SECFP) Colibri image. Scale bar 10 µM. 
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CHAPTER 3 

THE ROLE OF ATYPICAL MAPK P38 SIGNALING IN THE PROGRESSION OF 

INFLUENZA-A INDUCED PULMONARY INFLAMMATION4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4 Burton, J.C., Fahey, D., Royer, F., Zhu, Y., Sakamoto, K., Zhang, D., Watford, W., Grimsey, N.G. To be 
submitted to Lung Cellular and Molecular Physiology 
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INTRODUCTION  

Acute lung injury (ALI) is a serious inflammatory complication of the lungs that can be 

caused by physical trauma, toxic inhalants, or infection 489, 575. Viral infection of the lungs by 

pathogenic coronavirus or influenza induces severe ALI in patients 576. ALI is characterized by a 

rapid onset of dysregulated immune and inflammatory responses that lead to respiratory failure. 

Severe lower respiratory diseases such as ALI are typically treated by symptom management and 

mechanical ventilation, itself a cause of lung injury exacerbation. Previous pharmacological 

interventions to target inflammation have been unsuccessful 489 and novel therapeutic strategies 

are needed to address the underlying causes of ALI.  

Host-mediated antiviral signaling involves immune cell recruitment to the site of infection, 

expression of pro-inflammatory cytokines including, interleukin (IL)-1, IL-6, IL-8, interferon-β, 

interferon-stimulated genes (ISG)-15 and tumor necrosis factor (TNF)-α 489, 577. Cytokine 

expression is controlled by kinase-mediated signaling pathways downstream of viral sensing, such 

as the Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) family, and 

mitogen-activated protein kinase (MAPK) signaling pathways 578, 579. These kinases normally 

drive a tightly regulated inflammatory response that is negatively self-regulated during the 

resolution phase, but during ALI, overwhelming signaling occurs, leading to cytokine storm and 

prolonged vascular disruption 580. Despite selective targeting of the NF-κB signaling pathway with 

small molecule inhibitors, preclinical results have been inconclusive 581. It has been proposed that 

the moderate impact of kinase-activity targeting strategies is a result of simultaneously inhibiting 

the protective functions of kinase activity 515. Therefore, it would be advantageous to target only a 

subset of kinase signaling involved with disease propagation, leaving physiological or beneficial 

signaling intact.  
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MAPK p38 is a central regulator of cytokine expression, vascular stability, and immune 

activation. Expression and activation of p38 correlate with increased severity of lower respiratory 

lung diseases, including asthma, chronic obstructive pulmonary disease, and ALI 61, 105, 122-130, 133-136, 

531, 582. Indeed, p38 is directly associated with the propagation of pro-inflammatory responses in 

multiple cell types, including endothelial cells and alveolar epithelium, alongside macrophages and 

monocytes recruited to the inflammatory sites through the secretion of inflammatory cytokines 90, 

122, 128, 129, 133, 582-585. P38 is also a key mediator of endothelial activation during acute lung injury 112, 

129, 133, 134. P38 phosphorylation is associated with ALI, and kinase signaling contributes to 

endothelial barrier dysfunction via microtubule-associated protein 4 (MAP4) phosphorylation-

dependent microtubule disassembly in inflammation-induced acute lung injury 521. However, like 

NF-κB signaling, p38 inhibition has underperformed as a therapeutic candidate in inflammation-

based disease due to toxicity effects related to inhibition of all p38, including kinase functions not 

related to inflammation 35. However, p38 is dynamically activated through multiple mechanisms; 

canonical kinase cascades mediated by upstream MAPKK3/6 activity, and two methods of atypical 

activation. The first, critical for T cell activation via T-cell receptor, is mediated by zeta-chain-

associated protein kinase 70 (Zap70) phosphorylation of p38α/β, leading to kinase dimerization, 

trans-autophosphorylation, and ultimately partial kinase activation 92. The second atypical method 

of p38 activation, and the focus of this study, is mediated by direct kinase interaction with the 

adaptor protein TGF-Beta Activated Kinase 1 Binding Protein 1 (TAB1) 255. TAB1 binds to p38 

at two sites; a canonical p38 substrate binding site and a non-canonical binding site at the c-

terminal lobe of p38α, leading to cis-autophosphorylation of p38 at Thr180 and Tyr182 and 

activation of the kinase 67, 71, 81. Atypical p38 activation subsequently leads to phosphorylation of 

TAB1 in trans 74. This protein interaction has been shown to play a key role in disease, where 
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blockade of TAB1-p38 interaction reduces infarct volume following myocardial ischemia in mice 

71, 110.  As well, the TAB1-p38 interaction is implicated in viral infection, where it has been shown 

that blockade of TAB1-interaction with p38 inhibits viral assembly and replication in hepatitis C 

virus (HCV), thrombocytopenia syndrome virus (SFTSV), herpes simplex virus type 1 (HSV-1), 

and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 135, 255 and also plays a role 

in RIG-1 mediated interferon production 136. However, the role of atypical p38 signaling has not 

been investigated in influenza-induced acute lung disease.  

In this study, we hypothesized that the TAB1-p38 interaction is necessary for the immune 

and inflammatory response during influenza infection. To test this hypothesis, we explored the 

role of TAB1-p38 in the propagation of pulmonary inflammatory disease progression using a 

Tab1-knock-in mouse (TAB1KI) previously developed to explore the role of atypical p38 in 

ischemia-reperfusion injury 71, 81. Genetic knock-in mutations to four key residues of TAB1 

required for p38 binding (V390A, Y392A, V408G, M409A) blocks the formation of the p38-

TAB1 complex 71, 81. Critically, while ablating TAB1 or p38 is embryonically lethal 25, 89, the 

TAB1KI mice are not only viable but protected from myocardial ischemic damage following 

coronary artery occlusion 71. In our study, we use the C57BL/6 TAB1KI mice inducing ALI via an 

intranasal model of influenza infection, with analysis of mRNA and protein expression, 

histological characterization, and immune profiling. We report the first evidence that blockade of 

atypical p38 signaling by TAB1 reduces influenza-induced weight loss, improves 

histopathological outcomes, and leads to increased monocyte recruitment to the lungs in male 

mice. These studies provide crucial first evidence for further study of atypical p38 signaling as a 

therapeutic target in conjunction with existing therapies to combat influenza-induced ALI.  
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RESULTS  

TAB1KI mice display differential weight loss compared to WT  

To first determine differences in influenza-induced disease progression and recovery in 

mice, a standard weight curve was performed. 6–8-week-old wildtype C57BL6 (WT) control mice 

and C57BL6-TAB1KI mice were intranasally infected with 50 μL of 1X104 PFU X31 influenza 

(see methods) and weighed daily. To control for sex as a variable, each cohort was separated by 

sex. Both male and female mice experienced weight loss following infection with influenza, while 

control mice maintained stable weight. In both sexes, weight loss continued for 7-8 days before 

beginning to recover. Male TAB1KI mice display significantly reduced weight loss, reaching a 

maximum weight loss of around 10% D0 weight, compared to an average loss of 15% in WT mice. 

TAB1KI male mice also had decreased recovery time compared to male WT mice starting on day 

6 post-infection, recovering to pre-infection weight by day 11, whereas WT male mice did not 

fully recover by day 14 (Fig. 3.1A). Female TAB1KI mice displayed a less distinct change in weight 

loss compared to WT, although there was significantly less weight loss in TAB1KI female mice 

during the peak of influenza infection around day 7 (Fig. 3.1B), with KI females experiencing an 

average loss of around 14%, compared to WT experiencing on average a 20% weight loss. Both 

TAB1KI and WT female mice recovered to pre-infection weights by day 12.  

Histopathological features of WT vs KI mouse lungs before and after influenza infection. 

Following identification of a phenotype based on weight loss, we selected days 3 and 5 

post-infection to further assess the histopathological features of acute IAV infection in TAB1KI vs 

WT mice. H&E-stained mouse lung samples were sectioned, stained, and scored by pathologist, 

with increasing scores corresponding to increased histopathology (see Methods). TAB1KI Mice 

did not display baseline differences in lung physiology in male or female mice compared to WT  
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Figure 3.1: TAB1KI mice display differential weight loss compared to WT.  Influenza-infected 
or non-infected control mice were weighed daily for 14 days and divided by their day 0 weights to 
determine percentage weight loss of (A) male or (B) female mice. WT male N = 11, KI male N = 
15, WT female N = 12, KI female N = 15. Male control (uninfected mice) N = 3 for WT/KI. 
Female control mice N = 4/3 for WT and KI respectively. Comparisons made using unpaired two-
tailed Student’s T tests. Data shown as average weight for each condition, error bars in SEM.  
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(Fig. 3.2 A,-D), compare mock panels. However, following infection, male TAB1KI mice 

displayed significantly less immune recruitment to the alveoli compared to WT at day 3. By Day 

5 however, TAB1KI male mice were comparable to WT mice. Mice were also assessed for 

influenza score, which consisted of combined histopathological features of interstitial pneumonia 

(IP), bronchiolitis (Br) and alveolar edema. WT male mice displayed significantly more 

inflammation by day 3 compared to control, while KI mice did display inflammation it was not 

significantly increased at day 3 above day 0 (Fig. 3.2 B,F). Interestingly, KI male mice did display 

significantly higher influenza scores by day 5 compared to baseline and day 3 KI mice, while WT 

mice did not display a significantly more severe phenotype compared to day 3 (Fig. 3.2 B,F). Male 

TAB1KI mice also did not show significant increase in perivascular cuffing at day 3, while WT 

mice did (Supp. Fig. 3.1 A,C). These findings indicate that male TAB1KI mice have a delayed 

histopathological response to influenza infection compared to WT. Female mice were assessed 

separately, with no significant difference in alveoli score in TAB1KI compared to WT at day 3 or 

day 5, and both genotypes had significant increases in score compared to respective control mice 

(Fig. 3.2 C,G). Female mice also displayed comparable influenza and perivascular cuffing scores 

(Fig. 3.2 D,H, Supp. Fig. 3.1 B,D), indicating that the protective effect in the TAB1KI mice is 

insignificant in females.   

Influenza replication is not altered in the TAB1KI mice.  

Next, to assess whether viral replication plays a role in TAB1KI phenotype, viral plaque 

assays were performed using whole lung homogenate derived from infected mice at day 3 and day 

5 post-infection. No significant difference was determined in viral plaque forming units between 

WT and TAB1KI mice (Fig. 3.3 A,C). Parallel to plaque assays, we also performed qPCR on lung 

homogenates to detect M protein mRNA transcripts, a key capsid protein needed for viral  
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Figure 3.2: Histopathological 
features of WT vs KI mouse 
lungs before and after influenza 
infection. (A-D) Representative 
photographs of PFA-fixed, H&E-
stained mouse lungs displaying 
either alveoli inflammation 
(A,C), or influenza score (B,D). 
Mice grouped and compared by 
sex; (A-B) males, (C-D) females. 
(E-F) Blinded histopathological 
scoring of features shown in (A-
D). Uninfected controls; WT 
male N = 10, female N = 9, KI 
male N = 3, female N = 6. Day 3 
post-infection; WT male N = 5, 
female N = 7, KI male N = 5, 
female N = 7. Day 5 post-
infection; WT male N = 5, female 
N =  6, KI male N = 5, female N 
= 5. Bars in scatter-plots indicate 
median values. Comparisons 
made using 2-way ANOVA with 
post hoc Tukey testing for 
multiple comparisons. Scale bars, 
200 µM.  
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replication. No significant differences were detected in levels of M protein transcripts between 

WT and TAB1KI mice (Fig. 3.3 B,D). Together, these results indicate that TAB1-p38 interaction 

does not play a role in the viral replication of X31 influenza M protein or viral infectivity.  

TAB1KI mice display a loss of interaction between TAB1 and p38  

Atypical p38 activity is driven by the selective interaction between the c-terminal regions 

of p38α kinase lobe and TAB1 (371-416) 71, 81. The binding of TAB1 to p38 is critical to induce 

p38 autophosphorylation, subsequently followed by TAB1 phosphorylation at Ser423 by p38 81, 

114. To confirm TAB1-p38 interaction we first isolated protein from mouse lung homogenates (D0 

and D3 after X31 infection) . Immunoblotting of mouse lung homogenates was probed for TAB1, 

revealing a shift in the migration speed of TAB1KI mice consistent with a lack of phosphorylation; 

as we and others have previously shown 31, 71, 81, both saline control and influenza infection samples 

displayed the same mobility shifts (Fig. 3.4A, lanes 1,2 vs 3,4). In addition, the phosphorylation 

of TAB1 was assessed via phospho-tag SDS gel (Fig. 3.4B), which slows the electrophoretic 

mobility of phosphorylated proteins versus non-phosphorylated counterparts 586. The loss of 

phosphorylation of TAB1 in the TAB1KI mouse (Fig. 3.4B, lanes 2,4) is evident through increased 

protein migration relative to WT (Fig. 3.4B, lanes 1,3). Lastly, to determine that TAB1KI mice 

have disrupted the interaction between TAB1 and p38 during influenza infection, p38 was 

immunoprecipitated and probed for TAB1 (Fig. 3.4C), where the loss of a band above the 50 kDa 

marker seen in lanes 5 and 6 are absent in lanes 7 and 8, indicating that the loss of TAB1 interaction 

with p38 is conserved after influenza infection. WT mice do not display a robust increase in the 

TAB1-p38 interaction after influenza infection compared to baseline (Fig. 3.4C, compare lanes 5 

and 6). Together, these results indicate that the TAB1KI mice have disrupted  
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Figure 3.3: Influenza replication is not altered in the TAB1KI mice. (A) Pulmonary viral titer 
determined from plaque assay of MCDK cells infected via mouse lung homogenate after 3 or 5 
days post-intranasal infection in male or (C) female mice. (B) Viral M protein mRNA expression 
relative to uninfected WT in male or (D) female mice. Day 3 post-infection mice; WT male N = 
11, female N = 5, KI male N = 11, female N = 5. Day 5 post-infection; WT male N = 5, female N 
= 5, KI male N = 4, female N = 5. Comparisons made using 2-way ANOVA with post hoc Tukey 
testing for multiple comparisons. Error bars in SEM. 
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interaction of TAB1-p38 at baseline and following influenza infection, as well as altered 

phosphorylation of TAB1 protein.  

TAB1KI mice display altered pro-inflammatory mRNA expression.  

To assess changes in mRNA transcription of pro-inflammatory and anti-viral cytokines 

associated with influenza infection, we performed qPCR on whole lung homogenate, separated by 

sex. Comparisons were made between genotypes matched by day and across days per genotype. 

Male KI mice trended toward less mRNA expression at day 3 relative to wild-type (Fig. 3.5 A-F). 

KI males did not have significantly more expression of IFN-β, TNFα, IFN-λ, or ISG-15 relative to 

baseline at day 3, while WT mice did (Fig. 3.5A,C,D,F respectively). However, KI males did 

have significantly increased expression of IFN-β by day 5 relative to day 3, and generally, the 

levels of cytokine mRNA were comparable by day 5 between the genotypes. Female mice showed 

comparable responses between genotypes; both KI and WT mice had increased expression of IL-

1β, TNFα, IFN-λ, IL-6, and ISG-15 by day 3 (Fig. 3.5G,I,J,K,L respectively). Interestingly, 

female KI trended toward higher mRNA expression at day 5 relative to WT for IFN-β, IL-1β, 

TNFα and ISG15 (Fig. 3.5 G,H,I,L respectively), although data was not significant. Female mice 

also had reduced IL-6 production by day 5, (Fig. 3.5K). These results indicate that male and female 

and male TAB1KI mice have different expression profiles of cytokines at day 3 and day 5, whereas 

day 5 mRNA levels were comparable between sexes, save for IL-6.  

TAB1KI cytokine expression is comparable to WT. 

Altered trends in mRNA expression may reflect changes of greater magnitude at the post-

translational level. Therefore, protein expression of inflammatory, anti-inflammatory, and antiviral 

cytokines were assessed from mouse lung homogenate using a cytokine bead array panel, 

separated by sex. Comparisons were made between genotypes matched by day and across days per  
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Figure 3.4: TAB1KI mice display a loss of interaction between TAB1 and p38 . Mouse lung 
homogenates from male WT and TAB1KI mice, uninfected and D3 post-infection, were 
immunoblotted and resolved on SDS page gels to detect (A) TAB1and p38, or on (B) Phos-tag gel 
to detect TAB1KI mobility (indicated by arrows). (C) MAPK p38 was immunoprecipitated from 
male mouse lung homogenate from either non-infected or D3-post infection with influenza mice 
and probed for TAB1KI (indicated by arrow). Seph = Sepharose bead control.  
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genotype. In general, male KI and WT mice had increased protein expression at day 3 and 

day 5 relative to D0 control mice. Male KI and WT mice did not have an increase in IL-17A at 

day 3, but KI males had significant increase of IL-17A expression at D5 relative to D3, while WT 

mice had greater variance in expression (Fig. 3.6A). Variation in male WT mice expression was 

also notably higher compared to KI mice at D5 for all other cytokines analyzed (Fig. 3.6 A-F, 

Supp. Fig. 3.2 B,E), potentially leading to the loss of statistical significance compared to KI males 

relative to baseline. Female mice trended similarly between genotypes at day 3 (Fig. 3.6G-L) 

however female KI mice did not have significant increase in IL-6 production at D3 or D5 relative 

to KI D0, although not significant when compared between genotypes (Fig. 3.6K). Overall, female 

TAB1KI mice trended toward less cytokine expression at D5 compared to WT (Fig. 3.6H-L, Supp. 

Fig.  3.2G,J), although results were not statistically significant. IL-19, VEGF-A, and IL-10 were 

also assessed for both sexes, but did not show increase in expression relative to D0 (Supp. Fig. 

3.2, A,C,D,F,H,I).  

Male TAB1KI mice have increased monocyte recruitment after influenza infection.  

To assess if TAB1KI mice have differential recruitment of immune cells involved in 

influenza infection, bronchoalveolar lavage (BAL) was extracted from mice at baseline and D3-

post infection, and cells from BAL were sorted using flow cytometry. The total number of cells 

extracted from BAL were counted and percentages were calculated for alveolar macrophages, 

monocytes, and neutrophils. Males and females were assessed separately. As expected, TAB1KI 

and WT mice lacked neutrophils and monocytes at baseline, while KI males had lower alveolar 

macrophages at baseline compared to WT, with average 6.5% compared to average 15.8% for 

males, respectively (Fig. 3.7A). At D3-post infection, male TAB1KI mice had lower levels of 

alveolar macrophages compared to WT, average 6% compared to average 9% (Fig. 3.7A), slightly  
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Figure 3.5: TAB1KI mice display altered pro-inflammatory mRNA expression. Relative 
mRNA expression via qPCR for (A-F) male or (G-L) female mice.  Uninfected controls; WT male 
N = 9, female N = 8, KI male N = 6, female N = 6. Day 3 post-infection; WT male N = 11, female 
N = 9, KI male N = 15, female N = 9. Day 5 post-infection; WT male N = 9, female N =  10, KI 
male N = 9, female N = 10. Comparisons made using 2-way ANOVA with post hoc Tukey testing 
for multiple comparisons.  
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Figure 3.6. TAB1KI cytokine expression is comparable to WT. (A-K) Protein concentration as 
indicated from mouse lung homogenate before and after influenza infection. Uninfected controls; 
WT male N = 4, female N = 4, KI male N = 4, female N = 4. Day 3 post-infection; WT male N = 
10, female N = 4, KI male N = 12, female N = 4. Day 5 post-infection; WT male N = 4, female N 
= 4 , KI male N = 4, female N = 4. Comparisons made using 2-way ANOVA with post hoc Tukey 
testing for multiple comparisons.  
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higher levels of neutrophils (Fig. 7G), but notably had significantly more monocytes at D3 than 

in WT mice, with an average of 10.5% monocytes in KI mice, compared to an average of 6.5% 

in WT mice (Fig. 3.7D). Female KI mice did not have significant differences in cell percentage 

compared to female WT mice, although females had slightly higher monocytes (Fig. 3.7F). 

These results indicate that male TAB1KI mice have differential recruitment of immune cells 

following influenza infection relative to WT males.  

Discussion  

Here, we report that the TAB1KI male mice are protected from influenza-induced lung 

injury as demonstrated by significant attenuation of weight loss and decreased time to recovery 

compared to WT mice, and reduced histopathological scoring for alveolar immune recruitment, 

bronchitis and interstitial pneumonia. We also report a significantly increased investment of Lyc6+ 

monocytes in TAB1KI males into the lungs, almost double by percentage what we report in WT 

mice. There are also notable differences in the KI females as well, including significant weight 

loss attenuation at the peak of infection, although KI females did not replicate the histology-scored 

protections or alterations in immune investment as seen in males. We also observed trends in 

reduced inflammatory mRNA expression and inflammatory cytokine expression in KI males at 

day 3 post-infection, but this trend does not carry into day 5 samples. It is interesting to consider 

these findings in context of the weight curve, as they may indicate that the critical junction for the 

trajectory of influenza infection occurs in the acute onset, and this junction is influenced by the 

interaction between TAB1 and p38.  

P38 kinase activity plays a multi-faceted and complex role in the pathogenesis of viral-

induced ALI. P38 is hyperactivated during influenza infection via pattern recognition receptor  
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Figure 3.7: Male TAB1KI mice have increased monocyte recruitment after influenza 
infection. Cells from BAL counted by flow cytometry, with percentages calculated by type of cell 
as indicated over total cell number. Uninfected controls; WT male N = 5, female N = 6, KI male 
N = 5, female N = 6. Day 3 post-infection; WT male N = 8, female N = 8, KI male N = 9, female 
N = 9. Comparisons made using one-way ANOVA with post hoc Tukey testing for multiple 
comparisons. 
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(PRR)-induced myeloid differentiation primary response 88 (MYD88) signaling. The 

influenza virus paradoxically uses this antiviral pathway to gain entry into the cell and  is 

associated with increased viral uptake and cytokine expression in a p38-dependent fashion, 530. 

Hyperactivated p38, alongside dysregulated NF-kB signaling leads to an induction of cytokine 

storms, resulting in dysregulated signaling cascades and ALI 515, 587. Considering that the p38 

kinase plays roles in multiple branches of the virus-mediated and host-mediated response to 

infection, it is essential for investigators to sort out which subsets of kinase activity can be 

attributed to which functions. The TAB1KI mouse model allows us to determine which functions 

are attributed to atypical signaling when compared to wild-type mice.  

Prior studies have investigated the role of p38 in viral replication. The kinase plays an 

essential role in Sars-CoV replication, and atypical signaling by TAB1-p38 has been shown to be 

essential for replication of HCV and others 135, 531, 588. Additionally, inhibition of p38 by p38α/β-

specific inhibitor SB202190 has previously been shown to reduce expression of over 90% of 

influenza viral protein expression in human umbilical vein endothelial cells (HUVEC) 531, 

indicating that p38 is important for viral replication during ALI and other diseases. Our studies 

indicate that blockade of TAB1-p38 interaction in the TAB1KI mice is independent of influenza 

viral replication or infectivity, as noted by our qPCR data and plaque assays, respectively. Viral 

titers between male and female mice were comparable, suggesting that the noted differences 

between the influenza-infected male and female mice in our data are independent of viral burden.  

P38 has been implicated in ALI as an essential driver of the pro-inflammatory response. 

P38 is both activated by TNFα signaling, leading to IL-6 production 589, but also leads to the further 

production of TNFα and other factors via its downstream signaling through MK2 590. P38 also 
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positively regulates HMGB1, which is a strong promoter of TLR-4 signaling, ARDS, and is 

recruited by influenza viruses to aid in viral replication. Despite these well-entrenched roles 

involving canonical-p38 driven activity, inhibition of atypical p38 signaling altered cytokine 

expression in male mice in early-stage influenza injury. These initial results may hint at greater 

differences that may be more apparent at earlier timepoints in the influenza infection cycle that 

have yet to be uncovered. Our prior studies uncovered that atypical signaling is spatiotemporally 

localized and sustained in the cytosolic compartment of the cell, in contrast to MKK3/6 mediated 

signaling, which was primarily nuclear-localized 362. These results indicate that the kinase may 

have access to different substrate pools depending on the method of kinase activation and 

trafficking and, therefore, play different roles 591. For example, p38 has many transcription-factor 

downstream substrates, which the kinase targets in the cytosol for translocation to the nucleus 363. 

While differences in mRNA expression are modest in the TAB1KI mice compared to wild-type, 

our earlier timepoint of interest in this initial study (day 3 post-infection) is observed when the 

virus is still well-established in the host, and host mRNA expression may be affected by non-

specific viral ribonucleoprotein complex cap-snatching of 5’-capped transcripts 501.  

We have already discussed how p38 therapeutics have struggled in the clinic, but one facet 

in which they have excelled is in co-treatment therapies. For example, p38 inhibitors PH-797804 

and VX-702 were shown to reduce pro-inflammatory cytokines IL6, CXCL10 and TNFα during 

SARS-CoV-2 infection, but combined with nucleoside analogs Remdesivir and Molnupiravir, 

viral replication was also reduced 592. In considering the close roles of p38 and NF-κB pathway 

signaling during ALI, a novel strategy would be the co-targeting of NF-κB and p38 signaling 

pathways. Some evidence suggests that targeting these two pathways together could be beneficial 

against influenza-induced ALI. 5-methoxyflavone (5-MF) treatment downregulates p38, IKBα and 
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p65 phosphorylation in an AMPKα-dependent manner, abrogating cytokine expression and vRNP 

nuclear important in influenza-infected cells 593. However, there have been no in vivo ALI studies 

of co-inhibition of NF-κB and MAPK p38 pathways to date, and therefore represents a promising 

avenue for future studies. 

There is emerging evidence that dysregulated recruitment of immune cells is a driver of 

ALI. In the lung environment, alveolar macrophages initiate the inflammatory cytokine response, 

which includes monocyte chemoattractant protein-1 (MCP-1). MCP-1 expression is dependent on 

p38 activity downstream of transcription factor ATF-2 phosphorylation and NF-κB activation 

following viral infection induced degradation of inhibitory IkBα in response to viral infection 594. 

Alveolar macrophages quickly become depleted as they attack the viral infection, which we 

observe in our present study in both the WT and TAB1KI mice by D3 post infection, and are 

replaced by migrating immune cells, such as Ly6c+ monocytes. Swift monocyte recruitment is 

indicative of a protective response following influenza infection, as recruited monocytes confer 

both an anti-viral response, but also a heightened anti-bacterial response that helps prevent 

opportunistic secondary infection following viral clearance 595. The context of monocyte 

recruitment is essential, as increased monocyte recruitment was associated with pro-inflammatory 

disease outcomes in a mouse model of ventilator induced lung injury (VILI), driven by epithelial-

cell secreted MCP-1 following high tidal volume ventilation. These investigators uncovered that 

monocyte chemotaxis by the GPCR CCR2 in response to MCP-1 expression is dependent on p38 

activity 498. Notably, when these investigators inhibited p38 activity utilizing SB203580, they 

reported a loss of p38 phosphorylation, which has been associated with atypical p38 

autophosphorylation in GPCR-mediated signaling 32, 90, although CCR2 has not yet been directly 

investigated for conservation of this mechanism. Considering this for our results, the increased 
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monocyte recruitment seen in male TAB1KI mice is likely independent of MCP-1 expression as 

indicated by our protein expression panel, but further study is needed to indicate if atypical p38 

activity could play a role in MCP-1 mediated chemotaxis and downstream signaling within 

monocytes. Additionally, it should be noted that VILI is considered a sterile manifestation of ALI 

and therefore, enhanced pro-inflammatory recruitment exacerbates stress in the lungs and does not 

reflect a virus-induced ALI model. On the contrary, it has been shown that human influenza 

patients with lower monocyte counts suffer much more severe influenza infection outcomes, 

resulting in mechanical ventilation, compared to patients who had rapidly elevated levels of 

monocytes in response to influenza infection 511. That study, when paired with our data, could, 

therefore, indicate that blockade of atypical p38 signaling may be associated with a beneficial 

increase in monocyte recruitment at early-stage influenza infection that corresponds with improved 

infection outcomes. Further studies are necessary to define the role of atypical signaling in 

monocyte recruitment.  

Biological sex is an important factor in the outcomes of respiratory viral infection and ALI 

in humans, although this association is complex and is the subject of many ongoing studies. In 

general, young male children and older men experience heightened pathogenesis during 

respiratory virus infection than females, while during reproductive years, females are generally 

more susceptible 596. Some studies have corroborated these findings in mouse models 597, 598. In 

the present study, we report some differences in male vs female TAB1KI mouse response to 

influenza infection. In our data, female mice, on average, lost slightly more weight than their male 

counterparts, with the TAB1KI losing less weight at peak of infection compared to WT. 

Interestingly, female TAB1K mice did not display the same trends of histopathological feature 

scores andmRNAion compared to WT counterparts as were seen in male mice. Others have 
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reported that sex-dependent variances in inflammatory signaling during ALI are due to sex 

hormone-dependent differences in toll-like receptor signaling or expression. Intriguingly, although 

no histological differences have so far been reported in the development of male vs female TAB1KI 

mice at baseline in previously published reports 71 or in this current study, potential differences in 

receptor expression have not yet been characterized in the TAB1KI mouse model, and our data 

presented here represents the first evidence for a potential sex-based role of atypical signaling 

during inflammation.  

Conclusion and Future Directions 

In conclusion, our work here provides the first evidence for the role of atypical signaling 

an in vivo model of viral infection and acute lung injury. This initial study revealed the potential 

role for atypical p38 in mRNA and protein expression following initial insult. Future studies will 

be essential to explore the roles of atypical signaling at the earliest stages of viral infection 

response, as well as post-infection recovery. Additionally, the TAB1KI mouse is a systemic 

mutation; further studies targeting cell type-specific effects on the propagation of atypical p38-

mediated signaling will be important to delineate the functional contributions of myeloid, 

endothelial, or epithelial cells to atypical p38-induced ALI. Additionally, while beyond the scope 

of this current study, p38 is strongly activated in highly pathogenic H5N1 influenza, and further 

studies are needed to compare the impact of atypical p38 on the progression of ALI by other strains 

of influenza.  

In summary, atypical p38 is an underexplored regulation of pulmonary inflammation and 

further  studies will be essential to define the molecular drivers of atypical p38 in acute lung injury 

and assess the potential to use selective atypical p38 inhibitors to protect against ALI, either 

independently or in combination with current anti-viral or anti-inflammatory regimens.  
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Methods and Materials 

Mouse Strains: WT C57BL/6J female mice were purchased from Charles River Laboratory and 

used to reconstitute the TAB1KI (V390A, Y392A, V408G and M409A) mice originally provided 

by the lab of Dr. Michael S. Marber (KCL, UK). Heterozygous KI mice were back-crossed with 

WT mice for 4 generations and genotyped using the primers:  

Neo_Del_F: 5′-GCTGGCCTTGCTCAACTCCAG-3′,  

Neo_Del_R: 5′-GACCATCTGTCTCATACCTGACCTCAC-3′  

in order to confirm TAB1-mutations. Homozygous KI or KI mice were used for all experiments, 

and mice were used at 6-8 weeks old for influenza infections. All animal experiments were 

performed according to the National Institutes of Health Guide for Care and Use of Laboratory 

Animals and were approved by the University of Georgia Institutional Animal Care and Use 

Committee (IACUC). 

Viruses and Influenza Infection: The influenza A/HKX31 (H3N2, referred to as X31) stock virus 

was propagated in specific pathogen-free eggs (Poultry Diagnostics and Research Center, UGA) 

as previously described 599. 6-to-8 week old age-matched WT and KI were anesthetized with 

approximately 250 mg/kg of 2% weight/volume avertin by intraperitoneal injection (2,2,2-

Tribromoethanol, T4802-25G Sigma-Aldrich,St. Louis MO, USA). Mice were intranasally 

inoculated with 50 μL of 1X104 PFU of X31 in PBS. Control/uninfected mice were intranasally 

inoculated with allantoic fluid in PBS and were observed until recovered from anesthesia. Mice 

were monitored daily for weight loss and clinical symptoms. For weight curves, mice were 

monitored for weight loss for 10 days post-infection and weighed daily. For tissue analysis, mice 

were euthanized as described below at days post-infection as indicated. 
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Tissue Collection and Pathohistological Assessment: For histological assessment and 

downstream tissue collection, mice were euthanized with an overdose of 2% avertin, with toe pinch 

to ensure complete sedation, followed by cervical dislocation and cutting of the diaphragm. 

Following euthanasia, the chest cavity was opened. The tissue surrounding the trachea was 

removed with scissors and a 20-gauge catheter was inserted down the trachea and tied off with a 

suture. 300 ± 20 µL of 4% paraformaldehyde was slowly injected through the catheter to inflate 

the lungs, the catheter was removed and the trachea was tied off with a suture. The lungs were 

dissected and immediately placed into room-temperature fresh 4% paraformaldehyde solution and 

placed on a rocker at room temperature. After fixation, lungs were paraffin-embedded and 

sectioned onto slides for IF or H&E stain. Histopathology was performed by a board-certified 

veterinary pathologist, blinded to mouse genotype and experimental conditions. Scoring for 

alveolar infiltrates, alveolar edema and bronchitis (Br) was on a scale of 0 to 4 based on distribution 

(0 = no lesions, 1 = focal, 2 = multifocal, 3 = coalescing, 4 = diffuse). The perivascular cuffing 

(PVC) score was based on thickness of leukocytes around blood vessels (0 = no cuffing, 1 = 1 

layer of cells, 2 = 2-5 layers, 3 = 6-10 layers, 4 = greater than 10 layers). The interstitial pneumonia 

score was based on thickness of alveolar septa (0 = no infiltration, 1 = 1 leukocyte thickness, 2 = 

2 leukocytes thick, 3 = 3 leukocytes thick, 4 = 4 leukocytes thick). Influenza score was calculated 

as the sum of the individual scores from alveolar edema, bronchitis and interstitial pneumonia.  

For mRNA, virus titers, and protein assessment, mice were euthanized as described above 

followed by cardiac puncture. Blood was removed with a 20-gauge needle and syringe. The chest 

cavity was opened and 10-12 mL of cold PBS + 1mM EDTA was injected through the right 

ventricle of the heart to flush the lung vasculature of blood. The lungs were then plucked with 

tweezers and placed in cold PBS on ice in 2 mL tubes pre-loaded with metal beads for 
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homogenization. Lungs were homogenized with a bead homogenizer and spun down at 500rcf. 

100 µL of supernatant was spun down at 5,000 rcf for cytokine assessment and immediately frozen 

at -80°C. Aliquots were taken of supernatant and placed into lysis buffer according to kit 

specifications. Aliquots of supernatant were taken for assessment of viral titer. Protein samples 

taken for further analysis for immunoblotting were lysed 1:1 in 2x triton lysis buffer containing 50 

mM Tris-HCl pH 7.4, 100 mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM β-glycerophosphate, 

10 mM NaPP, 2mM NaVO4, 10 μg/ml leupeptin, aprotinin, trypsin protease inhibitor, pepstatin, 

and 100 μg/ml benzamide. 

Cell lines for viral plaque assays: Madin-Darby canine kidney (MDCK) cells were cultured in 

Dulbecco’s modified Eagles’ medium (DMEM) (Invitrogen), supplemented with 10% fetal bovine 

serum (FBS). MDCK cells were cultured at 37°C in a 5% CO2.  

Pulmonary viral titers: On days 3 and 5 post infection WT and KI BL/6 mice were euthanized 

and lungs were extracted for viral titer examination via plaque assay. Clarified supernatant from 

lung homogenates were serially diluted in MEM containing TPCK trypsin (1:1000 dilution of 1 

mg/mL stock). Next the virus dilution was added onto a confluent monolayer of MDCK cells. The 

cells were incubated with the inoculum for 1 h at 37 ◦C. The inoculum was then removed and 

replaced with a 1% Avicel overlay medium containing 1M HEPES, L-glutamine, NaHCO3 , 

Penicillin/Streptomycin/Amphotericin B solution, and TPCK trypsin. The cells were then 

incubated at 37 ◦C for 48 hours, stained with crystal violet, and plaques were counted to determine 

viral PFU/mL.  

qPCR: Aliquot of homogenized lung were collected as described above in TRK lysis buffer 

(Omega Bio-Tek Inc.). RNA was extracted from the lung homogenate using E.N.Z.A. Total RNA 

Kit I (Omega Bio-Tek Inc.) per kit instructions. For assessment of proinflammatory cytokines, 
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extracted RNA was converted into cDNA with the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems). For viral titer samples, cDNA was generated using iScript (Cat No. 

1708891, Bio-Rad Laboratories, Hercules CA). The relative gene expression was measured using 

Sensifast Probe High-ROX kit (Meridian Biosciences) and probes from Applied Biosciences. Real 

time quantitative PCR was performed using QuantStudio 3 (Applied Biosystems). Samples were 

normalized to the actin internal control and the WT sample for the experiment using the ΔΔCT 

method. The following mRNA probes were measured: Il1b (Mm00434228_m1), Il6 

(Mm00446190_m1), Tnf (Mm00443258_m1), Ifnb1 (Mm00439552_s1), Ifnl3 

(Mm00663660_g1), Isg15 (Mm01705338_s1), and Cox2 (Mm03294838-g1).     

Primers used for assessment of viral titer: 

M Protein:  

F 5’ GTGACAACAACCAATCCACTAATC 3’ 

R 5’ CTCCAGCTCTATGCTGACAAA 3’ 

eEF1a1:  

eEF1a1_f 5’ TCC CTG TGG AAA TTC GAG AC 3’ 

eEF1a1_r 5’ CCA GGG TGT AAG CCA GAA GA 3’ 

Protein Assessment: Cytokine protein concentrations in mouse lung homogenate were 

determined using the ProcartaPlex Mouse and Rat Mix & Match Panels (Thermo Fisher Scientific, 

MA). The probes selected were; CXCL1, IFN-β, IL-1β, IL-10, IL-19, IL-17A, IL-28, IL-6, MCP-

1 (CCL2), TNF-α, and VEGF-A. Samples were read on a Magpix Multiplex Reader (Bio-Rad, 

Hercules, CA) and analyzed with curve fitting software Milliplex Analyst 5.1 (Merck). 

Immunoprecipitation and Immunoblotting: Lung homogenate protein samples were prepared 

in 2x triton lysis buffer containing 50 mM Tris-HCl pH 7.4, 100 mM NaCl, 1% Triton X-100, 10 
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mM NaF, 10 mM β-glycerophosphate, 10 mM NaPP, 2mM NaVO4, 10 μg/ml leupeptin, aprotinin, 

trypsin protease inhibitor, pepstatin, and 100 μg/ml benzamide. 

. Homogenate lysates were cleared by centrifugation and protein concentrations determined by 

bicinchoninic acid assay (BCA). Equivalent amounts of lysates were used for 

immunoprecipitations using the anti-MAPK p38 antibody (Santa Cruz Biotechnology) and 

samples were eluted with 2X Laemmli sample buffer consisting of 125mM Tris-HCl pH 6.5, 5% 

SDS w/v, 20% w/v glycerol, bromophenol blue (>10 mg), and containing 200 mM dithiothreitol, 

resolved by SDS-PAGE and developed by chemiluminescence. Aliquots of cell lysates were also 

immunoblotted with antibodies as indicated. 

Antibodies used:  P38 (sc-271120, Santa Cruz Biotechnology, Santa Cruz CA). IP. 

p38 (9212S, Cell Signaling Technologies, Denvers MA), p-p38 (T180/Y182) (4511S, Cell 

Signaling Technologies, Denvers MA), TAB1 (GTX107571, GeneTex, San Antonio TX) 

Goat anti-rabbit IgG (H+L)-HRP Conjugate (Cat. No. 1706515, Bio-Rad Laboratories, Hercules 

CA), Peroxidase-Conjugated IgG Fraction Monoclonal Mouse Anti-Rabbit IgG, Light Chain 

Specific (211-032-171, Jackson ImmunoResearch Laboratories, West Grove PA). 

Phos-tag gels: Phosphorylation of TAB1 was detected using Phos-tag gels (Wako Pure Chemical 

Industries) containing 100µM Phos-Tag acrylamide and 100uM MnCl2 according to the 

manufacturer’s instructions. 

Bronchoalveolar Lavage (BAL) Fluid Fluorescence-Activated Cell Sorting (FACS): 

Bronchoaleolar lavage (BAL) fluid was isolated in 0.1% BSA in PBS. Cells were centrifuged for 

10 minutes at 1250 RPM at 4 °Celsius. The supernatant was removed and the cells were 

resuspended in 0.1% BSA in PBS. Cells were stained for 20 minutes at 4 °Celsius with fluorescent 

labeled antibodies for the following cell surface markers: Fc blocker (eBioScience), CD11b (FITC, 
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Invitrogen/eBioScience), CD11c (Efluor 450, Invitrogen/eBioScience), Ly6G (APC, 

Invitrogen/eBioScience), Ly6C (PE-Cy7, Invitrogen/eBioScience), and Siglec F (PE, 

Invitrogen/eBioScience). Live, single cells were sorted into their respective populations on the 

Cytek Aurora CS (Cytek Biosciences) using the following gating strategy: inflammatory 

monocytes (CD11bhigh CD11clow Ly6Chigh Ly6Glow), neutrophils (CD11bhigh CD11clow Ly6Chigh 

Ly6Ghigh), and alveolar macrophages (Siglec Fhigh CD11bint).  

Materials and Reagents: Avertin (T4802-25G Sigma-Aldrich,St. Louis MO, USA)  ketamine 

hydrochloride (Ketaset 40027676, Zoetis Manufacturing and Research, Girona, Spain) Xylazine 

(AnaSed Inection NDC 59399-110-20, Akom Inc, Lake forest, IL). Formalyde (Cat. No. 15714, 

Electron Microscopy Sciences, Hatfield, PA). E.Z.N.A. Total RNA Kit 1 (R6834-02, Omega Bio-

Tek, Norcross GA) SensiFAST Hi-ROX Mix (Cat. No.: BIO-82020, Meridian Bioscience, 

Cincinnati OH) ProcartaPlex Mouse and Rat Mix & Match Panels (Thermo Fisher Scientific, 

Waltham MA). Phos-Tag gels (AAL-107, Wako Pure Chemical Industries, Richmond VA). PBS 

(21-040-CV, Corning, Manassas VA). EDTA (15575-038, Invitrogen, Grand Island NY). iScript 

cDNA Synthesis Kit (Cat No. 1708891, Bio-Rad Laboratories, Hercules CA). PerfecCTA SYBR 

Green FastMix (P/N 84069, Quantabio, Beverly MA). Dulbecco’s modified Eagles’ medium 

(DMEM) () Fetal Bovine Serum (FBS) (Ref 35-010-CV, Corning, Woodland CA) MEM (Ref 

11095-080, gibco, Grand Island NY). Antibiotic-Antimycotic Liquid (CA002-010, GenDEPOT, 

Katy TX). L-Glutamine (Ref 25030-081, gibco, Grand Island NY). Crystal Violet (Cat No. 

B21932.14, Thermo Scientific, Waltham MA) TPCK-treated trypsin (LS003740, Worthington 

Biochemical Corporation, Lakewood NJ). 

Statistical Analysis: Data were analyzed using Prism software (version 10; GraphPad software). 

Comparisons of statistical significance was determined through either one-way or 2-way analysis 
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of variance (ANOVA) as indicated. Weight loss curves were analyzed for significance using 

mixed-effects analysis where ANOVA was conducted for each timepoint. Asterisks designate P 

values as following; <0.05 (*), <0.01 (**), 0.001(***), <0.0001(****).  
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FOOTNOTES: 

The following abbreviations used were; ANOVA, analysis of variance; GPCR, G protein-coupled 

receptor; MAPK, mitogen-activated protein kinase; TAB1, transforming growth factor-β activated 

kinase-1 binding protein1; Human Pulmonary Microvascular Endothelial Cells (HPMEC)
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Supplemental Figure 3.1: Perivascular cuffing in the KI and WT mouse lung. (A,C) 
representative photographs of PFA-fixed, H&E stained mouse lungs displaying perivascular 
cuffing. Mice grouped and compared by sex; (A,C) males, (C,D) females. Uninfected controls; 
WT male N = 10, female N = 9, KI male N = 3, female N = 6. Day 3 post-infection; WT male N 
= 5, female N = 7, KI male N = 5, female N = 7. Day 5 post-infection; WT male N = 5, female N 
=  6, KI male N = 5, female N = 5. Bars in scatter-plots indicate median values. Comparisons made 
using 2-way ANOVA with post hoc Tukey testing for multiple comparisons. Scale bars, 200 µM.  
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Supplemental Figure 3.2: Cytokine expression in mouse lung following influenza infection. 
(A-J) Protein concentration from mouse lung homogenate before and after influenza infection as 
indicated. Uninfected controls; WT male N = 4, female N = 4, KI male N = 4, female N = 4. Day 
3 post-infection; WT male N = 10, female N = 4, KI male N = 12, female N = 4. Day 5 post-
infection; WT male N = 4, female N = 4 , KI male N = 4, female N = 4. Comparisons made using 
2-way ANOVA with post hoc Tukey testing for multiple comparisons.  
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CHAPTER 4 
 

SUMMARY OF FINDINGS AND FUTURE DIRECTIONS 
 

Summary of Research Aims and Findings 

The overall goal of this work has been to explore our current understanding of atypical p38 

signaling, to underline previous and ongoing work studying the subcellular localization of kinase 

activity, and to contextualize atypical p38 signaling in a previously unstudied in vivo disease 

model.  

Recent advances in FRET-based activity reporters are beginning to allow for closer study 

of endogenous, subcellularly localized kinase activity, providing new evidence for the importance 

of understanding kinase distribution 358, 600. Our study utilizing FRET-based activity reporters 

offers the first evidence for spatially regulated MAPK p38 kinase activity. We show that atypical 

signaling by protease-activated receptor 1 (PAR1) is initiated at the plasma membrane but is 

rapidly trafficked into the cytosol where signaling is maintained, alongside at the endosome, while 

osmotic stress-induced canonical p38 signaling is rapid, transient, and primarily nuclear. We also 

showed that this mechanism is conserved among other GPCRs known to undergo atypical 

signaling through the prostaglandin E receptors 2 and 4. Further work is needed to better 

understand if other GPCRs have similar trafficking and kinase activity profiles, or if there is greater 

variation within the umbrella of TAB1-p38 signaling at different subcellular locations. 

Additionally, new technologies are in development that utilize multiple simultaneous FRET 

biosensor activity reporters to study different signaling compartments within the same cell 601. 

While the experimental design used in our study for this work allows us to generate reproducible 

data for individual activity reporters with high numbers of individually expressing cells, our 

comparisons made between the dynamics of kinase trafficking could be improved further if we 
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could take readings from two discretely localized activity reporters in the same cell. Additionally, 

future work will involve development of other subcellular signaling locations, such as at the 

endoplasmic reticulum (ER), where p38 phosphorylates ER-bound the E3 ubiquitin ligase Gp78, 

facilitating ER association with the mitochondria 602, but direct study of kinase localization has not 

been performed. While this work has investigated canonical-mediated p38 activity through 

osmotic stress and activation via GPCRs, there have currently been no studies on the subcellular 

signaling dynamics of other known activation pathways for atypical signaling, i.e,. by oxidative 

stress 82 or ischemia/hypoxic stress 71, 81.  

Liquid-liquid phase separation (LLPS) may also play an important role in kinase 

localization, as discussed in chapter 1, section 2. An ongoing question following our work in 

chapter 2 is how p38-TAB1 is regulated after GPCR-mediated activation. A recent study 

investigated how GPCR-mediated p38 signaling is terminated, utilizing an siRNA library screen 

targeting deubiquitinating enzymes (DUBs) and it was shown that depletion of cylindromatosis 

(CYLD) and ubiquitin-specific protease (USP)34 differentially affect p38 signaling outcomes. The 

investigators concluded that CYLD controls thrombin-induced endothelial barrier permeability, 

while both CYLD and USP34 regulate thrombin-stimulated IL-6 mRNA expression 603. However, 

this study does not directly correlate siRNA knock-down of DUBs to receptor ubiquitination and 

it remains unknown if or how the p38-TAB1-TAB2 signaling complex at the ubiquitinated GPCR 

is regulated by DUBs, raising the question of whether  the TAB1-p38 complex remains bound to 

internalized GPCR, or if not, then whether the complex de-couples from the GPCR, does it form 

LLPS-like signaling compartments proximal to the endosome? 603 In support of this latter idea, 

another study reports  that the NF-κB essential modulator (NEMO) forms liquid-like droplets after 

binding to Lys63-linked polyubiquitin, leading to multivalent interactions between NEMO and 
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polyUb 368. It is therefore possible that the Lys63-linked polyubiquitination of the p38-TABs 

complex could form similar condensates. To investigate this, there is a need for new technologies 

that will allow the study of “unbiased” cytosolic signaling that is not trafficked to membranes or 

subcellular structures, to better allow for study of transient signaling foci and where they form in 

the cell. We have begun to explore this idea ourselves, theorizing that, with sufficient 

magnification (63x) and cytosolic p38 FRET reporter, we could identify sub-cellular “hot-spots” 

of p38 activity within the cytosol during signaling near the endosome (Fig. 4.1 A). We show that 

in (Fig. 4.1 B) p38 activity is not equally distributed in the cytosol, but is increased next to RFP-

RAB5, an early endosomal marker protein. Future studies will expand on this preliminary data, 

incorporating other subcellular markers to better define p38 near other compartments, as well as 

refining imaging conditions for increased resolution.   

Naturally, the question that arises following our work studying the spatial localization of 

kinase activity is: what are the targets of kinase activity in these locations, or what are the 

functional molecular roles of kinase restriction for atypical p38? Evidence is limited in this regard, 

but the potential p38 substrate pool is distributed throughout the cell, with subpopulations that are 

principally nuclear or cytosolic. This suggests that spatial restriction of the kinase as seen from our 

data alters the pools of substrates available to the kinase in order to dynamically control 

physiological outcomes. Previous studies into downstream phosphorylation targets of PAR1-

mediated p38 activity in endothelial cells identified several key proteins involved in endothelial 

barrier stabilization through adherens junctions, including α-catenin, ANKRD50, and casein 

kinase-1 (CSNK1), as well as identification of other kinases such as PKA, PKD, and MK2, all of 

which are associated with endothelial barrier stability 571, 604-607. This study also uncovered a role 
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for p38-mediated negative regulation of ERK1/2 activity that is increased when p38 is inhibited 

by SB203580, although it remains unknown where exactly in the ERK-pathway p38 is involved 

607. It was noted by the authors that siRNA depletion of p38α reversed the changes in 

phosphorylation seen from p38α inhibition in α-catenin and ERK1/2, indicating potential 

redundancy mechanisms in the former, possibly by p38β, and a steric block of MEK access to the 

latter, which the investigators suggest means that the p38α isoform is in direct contact with these 

proteins 607. In the context of our spatial data, these results could indicate that p38α may be spatially 

restricting these targets in the cytosol and near the endosome. In endothelial cells, α-catenin 

functionally acts as a key protein in the Cadherin-Catenin complex, linking β-catenin with F-actin 

and promoting a strong endothelial barrier 608. The p38-TAB1 interaction may be facilitating the 

physical restriction of α-catenin, preventing this essential function.  Future studies could utilize 

immunofluorescence to analyze direct p38-α-catenin interaction following thrombin stimulation, 

as this interaction has not yet been characterized, but would support other known roles of the p38-

TAB1 interaction as a modulator of actin stability via HSP27 phosphorylation 571. 

We also conducted the first study of atypical signaling in an in vivo model of pulmonary 

viral infection and inflammation. Previous in vitro data supports that atypical signaling is a driver 

of inflammation, vascular destabilization, and cytokine production. We report that blockade of the 

TAB1-p38 interaction in male TAB1KI mice reduces influenza-induced weight loss, increases rate 

of recovery, and improves acute-phase histopathological outcomes and increased Ly6c+ monocyte 

recruitment to the lungs compared to wild-type. There are consistent trends in the reduction of pro-

inflammatory mRNA and inflammatory cytokines in the acute, day-3 post-infection phase in male 

mice. While female TAB1KI mice do not carry the same trends, they do display some weight loss 



 

 

148 
 

protection at the peak of infection, compared to WT female mice. Regardless, we conclude a 

possible sex-based link between the TAB1-p38 interaction in TAB1KI mice.  

Prior evidence for sex-linked susceptibility to influenza infection is associated with 

circulating sex steroid hormone levels 609 that influence immune development 610, 611. For this 

reason, age also plays a role in susceptibility due to sex-hormone expression variation between 

males and females 596, 612. In mice, males are generally more susceptible to infection. 

Mechanistically, this could potentially be attributed to sex-linked expression of TLR receptors 612. 

TLR7 in humans is an X-linked chromosome gene, expressed in plasmacytoid dendritic cells 

(pDCs), patrolling immune presentation cells that detect viral antigens and respond with rapid, 

massive expression of type 1 interferons 613, and females display greater expression of TLR7 and 

Type 1 interferons than males due to TLR7 escape from x chromosome inactivation 614. TLRs and 

other infection-detecting receptors have not been characterized in the TAB1KI mice and further 

study is necessary.  

While viral susceptibility has been well studied, influence of sex on infection severity is 

much less clear. A prior study investigating H3N1 influenza infection in mice determined that 

there were differential histopathological features, specifically greater tissue hyperresponsiveness, 

alongside greater methacholine responsiveness (indicators of impairment to lung function) in 

female mice. These features were noted an absence of sex-based differences in BAL protein levels 

and inflammatory cytokine expression, and viral titers were equivalent between sexes 598. This 

could indicate that phenotypic differences may be decoupled with our more traditional reported 

measures of infection severity, and further study may be needed to characterize mouse lung 

function in the TAB1KI mice.  
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Ultimately, the practical goal of this work and future studies in the field of kinase signaling 

is to elucidate the functional implications of atypical p38 and its impact in human health and 

disease. MAPK p38 therapeutics have had limited success in the clinic despite the potential 

benefits of inhibiting a master regulator of dysregulated inflammation. Similarly, many kinase 

inhibitors for other targets, such as NF-κB, have failed. However, as we have summarized in this 

work, pan-inhibition of kinase activity is a flawed strategy. Kinases have diverse functions, 

sometimes simultaneously, within the cell. A good example is PAR1 activation by thrombin, 

which results in signaling cascades of NF-κB, MAPK, and protein kinase C, triggering discreet 

downstream responses 515. Next-generation therapeutics will target subsets of kinase activity 

attributed to disease, while leaving essential kinase activity in-tact. Additionally, while the 

inflammatory response is often targeted in therapeutic design due to inflammatory-mediated 

disease such as ALI, the pro-inflammatory response is still a necessary aspect of combating 

infection, and the goal shouldn’t be to eliminate inflammatory signaling or reduce it as much as 

possible, as this could be deleterious toward effective clearance of the pathogen. Rather, the goal 

should be to restore balance in the pro-inflammatory and resolution responses to disease. The 

interaction between TAB1 and p38 is an appealing and viable target for this approach. Our studies 

in the TAB1KI mice illustrate that perturbing the interaction of these proteins does not necessarily 

attenuate the mouse inflammatory response, but instead alters the timing of immune response in 

the lung tissue, allowing for quicker recovery from infection. We would suggest, therefore, that 

the therapeutic benefit for TAB1-p38 inhibitors lies in its potential to “re-calibrate” or normalize 

dysregulated inflammatory responses. For the past several years, discussion in the field of MAPK 

and NF-κB inhibitors have shifted toward the idea of targeted suppression of kinase activity, 

leaving beneficial signaling in-tact 515, 615, 616. Recent work using bioinformatics combining x-ray 
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crystallography with fragment screens identified targetable interaction sites in the TAB1-p38 

complex using adamantane scaffolds that are independent of the kinase binding pocket, but 

interfere with p38’s ability to phosphorylate TAB1 71, 73. Separately, a recent study on small 

molecule inhibitor design targeting p38 autophosphorylation further shows the potential of this 

approach toward reducing cardiomyocyte death in in vitro models of ischemic reperfusion injury 

617. These small molecule inhibitors will enable further validation of our results, but critically, will 

also allow us to explore other disease models and corroborate our results from these studies in 

alternate disease models.  

Investigators studying next-generation therapeutics are also beginning to look at how drugs 

subcellularly localize within the cell and how this affects drug efficacy, both in membrane-bound 

organelles and membrane-less structures 618.   

Potential Experiments and Future Perspectives 

Our focus was on understanding the progression of influenza infection in mice, but we did 

not investigate early onset time points such as day 1 following infection and at post-infection 

resolution/immune recovery. Follow-on future studies should include these wider time points to 

allow us to provide a more complete snapshot of the role of atypical p38 in onset and resolution. 

The focus of this work was on induction of acute inflammation diseases such as ALI, but the 

adaptive immune response to viral infection in TAB1KI mice has not been investigated. A previous 

study investigating a sex-based link between influenza infection and protective immunity in 

secondary infection uncovered that females mount higher neutralizing and total anti-IAV 

antibodies, with differential viral titers in the lungs compared to males 597. Given these results in 

context of our own, investigation of sex-linked antibody production in our model could be 

warranted.  
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While our results uncover differences in immune investment, trends in mRNA and protein 

expression at Day 3 post infection, we did not look at the role of our pathway immediately 

following viral infection. We hypothesized that atypical signaling mediated by GPCRs would be 

more apparent after the initial infection/inflammatory insult that would ultimately induce the 

production and release of agonists related to our pathway, such as prostaglandin E-2 (PGE2), 

synthesized from secreted COX-2, and release of histamine. Atypical signaling is also mediated 

by hypoxia-induced oxidative stress, as shown in myocardial ischemic reperfusion injury 71, and 

therefore may also play a role in the hypoxic state of the lungs during acute inflammation state 619, 

although we do not yet know how the pathway is activated or regulated by oxidative stress 71, 82. 

However, we uncovered in our studies that there is a baseline TAB1 interaction with p38 in WT 

mice that is blocked in the TAB1KI mice, and that the interaction between these proteins carries 

into IAV infection but is not increased. This could imply that the TAB1-p38 interaction may 

already be primed even at the earliest stages of infection, and therefore further investigation into 

early-onset influenza infection is necessary.  

The immune response to viral infections like influenza is robust and highly conserved, with 

mechanisms of redundancy in both the host response and viral escape mechanisms that have 

proven to be stubborn to affect from a pharmacological, interventional perspective in the past 489, 

620-622. Despite this, preventing interaction of TAB1 with p38 in the TAB1KI mouse is enough to 

substantially alter monocyte recruitment and induce a replicable phenotype in our TAB1KI mice, 

and is encouraging that future development of pharmacological inhibitors against this protein 

interaction might prove more effective than previous attempts at targeting all p38 kinase activity.  

Follow-up studies to this work will include early/late timepoints post-infection, adjusted 

dosages of influenza based on mouse weight, and examining additional strains of influenza. H3N2 
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influenza used in the present study is a great starting point for characterizing the p38-virus-ALI 

connection, and we believe the results shown here form a strong basis for further study into highly 

pathogenic influenza. In particular, the pathogenic H5N1 strain of influenza has been shown to 

highly activate MAPK p38 531, 623, and hijacked/dysregulated kinase activity may be especially 

apparent in investigations of this model, as p38 has been shown to play a role in viral-induced 

epithelial barrier disruption via E3 ubiquitin ligase, Itch 624. While H1N1 and H3N2 also infect the 

upper respiratory tract, this may actually deter virus entry into the lower respiratory tract as the 

virus becomes bogged down through attachment to submucosal gland cells and their mucus, in 

contrast to H5N1, which doesn’t infect upper airway 625. H5N1 poses a severe risk for pneumonia 

in patients, as this virus also infects type II pneumocytes which drives loss of surfactant protein 

expression, as well as alveolar macrophages 626, 627. Infection of alveolar macrophages By H5N1 

subsequently leads to p38- and IRF-3 dependent upregulation of proinflammatory cytokines 

leading to ALI 628.  

The immediate next steps for this project would be to expand our investigation of the 

TAB1KI transcriptomic landscape within the lung compared to WT mice, in order to get a full idea 

of other potential targets for further investigation and to determine if, transcriptionally, the TAB1KI 

mice are differential to WT at baseline. As the TAB1KI mouse is a systemic knock-in, the isolation 

and characterization of individual cell types, such as innate immune cells, lung 

epithelial/endothelial cells, and others is possible through established experimental procedures 

using antibody and bead-based selection 629, 630. 

At the conclusion of these studies, we have shown that p38 activity is spatially and 

temporally biased depending on method of activation, which could affect kinase access to substrate 

pools, and that atypical signaling mediated by interaction with TAB1 drives inflammatory disease 
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progression and delayed recovery in an in vivo model of influenza infection (Fig. 4.2). These 

results support further research into understanding subcellular kinase-substrate interactions and 

their physiological impact, as well as further expansion of these findings into investigations of cell 

type- and receptor-specific differences in signaling dynamics. Our in vivo results implicate atypical 

signaling in infectious disease inflammatory responses, which should be further explored in other 

pulmonary diseases such as bacterial infection, pneumonia, and chronic obstructive pulmonary 

disease. Additionally, the role of atypical signaling in inflammation can be expanded to diseases 

in other organs, such as retinopathies, cardiac disease, or systemic infection. Lastly, these studies 

provide important evidence for the necessity of further research and development of small 

molecule inhibitors capable of targeted disruption of the TAB1-p38 interaction.  
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Figure 4.1: Model of cytosolic p38 activity distribution. Florescence Resonance Energy 
Transfer (FRET) MAPK p38 activity reporter can be used to identify pockets of increased 
cytosolic p38 activity using high resolution fluorescence microscopy. A.) Proposed mechanism 
that GPCR-mediated p38 activity trafficked by the endosome forms concentration gradients of 
active kinase complex via LLPS. B. HeLa cell transfected with Cyto-p38 activity reporter, PAR1, 
and RFP-tagged RAB5. FRET ratio is heat map indicating p38 activity after thrombin stimulation. 
Circles indicate areas of FRET ratio where p38 activity is higher than surroundings. Indicated 
arrow represents a line scan of fluorescence intensity of RFP-tagged RAB5, quantified by blue 
line, overlayed by FRET ratio of the same line in red.  
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Figure 4.2: Model of spatial restriction of p38 as a driver of acute lung injury. Model of how 
spatial signaling may contribute to influenza-induced ALI pathology when the results of the 
present study are combined. A) Cytokine expression following infection/injury produces secretion 
of GPCR agonists such as thrombin and prostaglandin E2 among others, facilitating cytosolic 
retention of active p38 through interaction with TAB1/TAB2/polyubiquitinated GPCRs. B) 
During acute phase influenza, TAB1-p38 interaction drives inflammatory dysfunction through 
increased vascular instability and inflammatory mRNA expression and decreased monocyte 
recruitment to the lung. This results in lung injury and increased disease recovery time. Therefore, 
therapeutic targeting of the TAB1-p38 interaction may abrogate disease progression of ALI, as 
observed in the TAB1KI mouse model, encouraging future studies.  
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1.1 Key Solutions Used In FRET Microscopy:  

FRET HBSS Imaging Buffer (50 mL aliquot):  

Make fresh each time (does not keep well, even at 4*C) 

• 40 mL MilliQ H20 

• 5 mL (10x) HBSS (Gibco, 14065-056)  

• 1 mL 1M HEPES (20 mM final)  

• 100 mg alpha-D-glucose (2 g/L final)  

• 115 uL 100mM Sodium Pyruvate (0.23 mM final) (Corning 25-000-CI)  

o Optional: 50 µl 1M CaCl2 (1 mM final) 

• pH to 7.4 with NaOH 0.5M (appx. 28 drops from Pasteur pipet)  

• Top to 50 mL with MilliQ H20 

 

Cells should be stable on FRET buffer for hours. Allow cells to acclimate for ~1H prior to 

imaging. Allow cells to acclimate to scope conditions for ~10 minutes prior to experimental 

image capture.  

For NaCl used in FRET experiments:  

87.6 mg NaCl dissolved into 5 mL FRET buffer for a 2x stock (450 mM NaCl, will be final of 

300 mM when diluted 1:1). Keep an aliquot of NaCl 2x solution in the incubation chamber until 

time of use. Remove ½ media (750 μl) from plate, replace with 750 μl NaCl 2x.  

For GPCR agonists (Thrombin) used in FRET experiments:  

Stock diluted to 1uM (100x). 15 μl of 100x stock kept on ice until time of stim. 100x stock 

diluted in 750 μl warm imaging buffer from plate and entire volume added back to the cells.  
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For SB (or DMSO control) used in FRET experiments: 

Dilute 10 mM stock SB in DMSO to 1 mM (for DMSO control, just add 5 µl DMSO to 45 µl 

FRET buffer.) Add 7.5 µl of this working dilution to a separate tube. At time of use, pull off 

media from plate, dilute into tube, and add back all volume to plate.  

For Starvation buffer (used for 48h transfection FRET experiments): 

50 µl 1M CaCl (1mM final), 500 µl HEPES (10 mM final), 50 mg BSA (1 mg/mL)  fill to 50 mL 

with phenol-red free DMEM. Filter with 0.2 µM.  
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1.2 General FRET Assay 

Experiments designed for 48H expression of plasmids, but can be adjusted for 24 of expression. 

Simply perform PEI transfection and seed cells into plates containing Starvation buffer rather 

than full media.  

Materials: 

10% FBS in DMEM 

Trypsin EDTA (0.25%) 

OptiMem 

BSA starvation buffer  

Fibronectin 8.33ug/mL stock 

Ibitreat u-dish 35mM (Ibidi) 

PEI (freshly thawed)  

Plasmid DNA 

Day 1: Transfection  

1) Coat Ibidi plates with fibronectin 

a) Stock 8.33ug/mL, add 1.5-2 mL per plate  

b) Save fibronectin for 2 uses  

2) Prepare OptiMem/PEI aliquot in 1.5mL tube, according to table 1  

a)  Incubate for 10 minutes at RT 

b) Add PEI directly to OptiMem, not side of tube  

c) Mix well  
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3) While OptiMem/PEI incubating, Ready DNA dilution aliquot in OptiMem according to 

instructions below 

a) 270 ng/plate of GPCR is standard.  

b) 972/plate ng of activity reporter is standard “1X”. NES-p38 uses “1X”, typically use other 

reporters at “1.5X” but can be adjusted to preference.  

c) Typically reserve 20% of total OptiMem volume needed for DNA, with PEI/OptiMem incubating 

using 80% of total OptiMem volume  

d) Mix well  

4) While OptiMem/PEI incubating, trypsinize cells and spin down 

a) 1000 rpm, 4 minutes  

5) Combine DNA dilution aliquot and PEI aliquot. Let incubate at least 20 minutes at RT. 

6) Count cells according to specification  

a) 321k/35mm dish (48H expression) 

7) Add DNA+PEI aliquot to cells (in full media for 48h transfection)  

a) Mix well  

8) Seed 2200uL per plate (2000 for cells + 200uL of DNA/PEI in OptiMem 

Transfection information: 

Day 2: switch to starvation buffer  

Day 3: Imaging  

1. Wash cells and swap to fresh pre-warmed FRET buffer 
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Incubate ~40 minutes in FRET buffer before taking down to scope  

2. Turn on scope while cells incubate in FRET buffer 

 a. Make sure incubator chamber is on and working, and that CO2 is turned on 

 b. Check CO2 calibration every 6 months  

3. Place plate on incubation chamber and set up experimental conditions  

 a. Cells should be acclimated to incubator chamber for ~10 minutes prior to experimental 

image acquisition  

4. Draw no more than 5 ROIs around live cells when doing live-imaging. Draw most ROIs after 

image acquisition is complete.  

5. Adjust FRET channel intensity on example cells at baseline prior to stimulation with agonist 

until FRET ratio is between 0.9 and 1.4.  

6. When stimulating with agonist, pause experiment and use both hands to steady pipet, avoid 

touching the plate itself.  

7. When un-pausing software to resume image acquisition, do not click un-pause more than 

once. Sometimes the system lags, but multiple clicks can crash Zen-blue.  
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1.3 Procedure for Neon Electroporation Transfection  

Utilizing Neon Transfection System (Invitrogen MPK5000) to transfect Human Pulmonary 

Microvascular Endothelial Cells (HPMEC) with activity reporter plasmids.  

Protocol adapted from kit protocol.  

General notes:  

• Protocol developed using the 10 µL pipette system and Ibidi multi-well chambers coated 

in 5ug/cm2 collagen.  

• Do not use media containing antibiotics. After electroporation, move the cells as little as 

possible to avoid unnecessary cell stress. 

• HPMEC cells best electroporated between passages 1-4.  

Protocol:  

1. Wash cells with excess 1X PBS, 2 washes 

2. Trypsinize cells with 0.05% T/E buffer diluted from 0.25% stock solution using PBS (2 

mL stock, + 8 mL PBS) 

a. Do not trypsinize for longer than 3 minutes total, check every minute for cells to 

lift off of plate  

b. Neutralize with trypsin neutralization solution or full media, collect cells in 15 

mL tube 

3. While trypsinizing, add 5 mL complete media to 50mL conical tube, coating sides of tube 

4. Check flask, if cells rounded up, collect excess media into 50 mL conical 

5. Incubate empty flask/plate for 1 minute, rap flask gently to dislodge remaining cells 
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6. Wash flask/plate with 5 mL TNS, collect into 50mL conical with other collected 

media+cells 

7. Wash plate 1 more time with 5 mL PBS (Final volume should be ~25 mL) 

8. Split cells so that there are cells for seeding maintenance and cells for experiment, be 

mindful of seeding densities required for healthy HPMEC subculture  

a. A T75 flask yields about 1.2 million HPMECs 

9. Add maintenance fraction to pre-blocked 15 mL tube  

10. Spin down both populations of cells at 200 RCF for 5 minutes 

11. Aspirate media 

12. Seed maintenance plate at desired density 

13. Resuspend experimental cells in 2mL RT PBS, move to 2 mL microcentrifuge tube.  

14. Count 10 µl of cells using hemocytometer  

15. Spin down again for 5 minutes at 100rcf on benchtop microcentrifuge 

16. Carefully aspirate PBS with p1000, use p200 for small remaining volume, do not disturb 

pellet 

17. Resuspend cell pellet in “R” buffer to achieve working concentration (typically go for 

150k cells/10 µl)  

18. Place plasmid DNA at desired amount into clean sterile microcentrifuge tube 

19. Add in cells diluted to concentration needed, and account for extra (10uL needed for each 

electroporation) 

20. Electroporate cells (HPMECs at 20 ms, 1400V, 2 pulses) and apply directly to warmed 

final media in plate (500 µl complete media without antibiotics) + Revitacell media 

supplement at product specifications, to help cell recovery 
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1.4 cDNA Synthesis from mRNA for SYBR-Green qPCR 

Protocol developed for quantification of M Protein expression in mouse lung homogenate 

infected with Influenza A Virus, but adaptable for other sample types and probes.  

 

Protocol Overview:  

1. Isolate mRNA from Samples  

2. Convert control mRNA to cDNA 

3. Prepare and run SYBR-green qPCR 

 

Protocol:  

Isolate mRNA from Samples:   

Following the E.Z.N.A. Total RNA Kit 1 Protocol with modifications 

Note: Samples are lysed into TRK + BME buffer prior to mRNA isolation.  

Note: Samples should be treated in RNAse-free conditions  

1. Thaw RNA lysate samples on ice 

2. Centrifuge at maximum speed > 12,000g) for 5 minutes 

3. Transfer cleared supernatant to clean 1.5 mL microcentrifuge tube. Careful not to transfer 

any fatty upper layer.  

4. Insert Hi-Bind RNA mini column into 2 mL collection tube 

5. Transfer up to 700 µl sample into Hi-Bind RNA Mini Column 

6. Centrifuge 10,000g for 1 minute. Discard the filtrate and reuse collection tube. 

7. Repeat step 5-6 until samples have been transferred (should not take more than 1 step for 

our volumes) 
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8. Add 500 µl RNA wash buffer 1. Centrifuge 10,000g for 30 seconds. Discard filtrate, 

reuse collection tube 

9. Add 500 µl RNA Wash Buffer 2 diluted with 100% ethanol. Centrifuge at 10,000g for 1 

minute. Discard filtrate and reuse collection tube.  

10. Repeat step 9 for second RNA Wash Buffer 2 wash step.  

11. Centrifuge empty Hi-Bind RNA Mini Column at maximum speed for 2 minutes to dry 

column. This step is critical for removal of trace ethanol that may interfere with 

downstream applications  

12. Add 40-70 µl Nuclease-free Water. Centrifuge at maximum speed for 2 minutes. Store on 

ice, quantify using nanodrop, and make dilutions as necessary. Store eluted mRNA at -

80°C or proceed to cDNA conversion. 

 

Convert mRNA to cDNA 

Using Bio-rad iScript™ cDNA Synthesis Kit: 

1. Calculate total number of samples to be converted, account for extra 

2. Multiply number of samples by table below to calculate master mix needed 

3. Add components of master mix (iScript mix, reverse transcriptase, and water) 

4. Add master mix to PCR tubes 

5. Add mRNA to each tube 

6. Incubate reaction in thermal cycler (see below) 

Note: You can modify total reaction volume to save reagent if you need less than 1 µg of cDNA. 

Reaction works well when volumes and amounts are halved to 10 µl total.  
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Note: For downstream PCR, prepare a 1:10 dilution (10ul of cDNA + 90 ul nuclease-free water 

NOT DEPC), use 4 μl (20ng/ PCR reaction if 1ug of RNA was used) for RT-PCR or quantitative 

RT-PCR.  

iScript 20 μl reaction: 

5x iScript Reaction Mix 4 µl 

iScript reverse transcriptase 1µl 

mRNA 1 µg Volume for up to 1µg of mRNA 

H2O To make total volume 20 µl 

 

Thermal cycler settings:  

5 min 25°C 

20 min 46°C 

1 min 95°C 

 Hold at 12° C (optional) 

Prepare and run SYBR-green qPCR 

Protocol developed for QuantaBio PerfeCTA SYBR green Fastmix. 

1. Calculate number of wells needed (samples typically run in duplicate, plus positive and 

negative controls) per mRNA species of interest, with 3-4 extra wells 

2. If starting with stock cDNA, dilute 1:10 with nuclease-free water (20 ng total cDNA per 

well) 
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a. Spin-mix-spin each cDNA before use 

3. Keeping all components of kit on ice, prepare master mix containing SYBR green, 

Nuclease-free DEPC Free water, and primer mix (see below). 

4. Add 16 µl master mix to each well of 96 well plate (use reverse pipetting)  

5. Add sample-specific cDNA to each well of 96 well plate (use reverse pipetting)  

a. Place droplet of cDNA onto wall of tube, plate will be spun-down later  

b. Use these specific plates: VWR 89049-178, PCR plate, 96 well Half-skirted, 

straight-side.  

6. Apply plastic seal to lid of plate 

a. VWR 60941-078 Adhesive Film for PCR plates 

7. Spin plate down in plate centrifuge by holding the quick-spin button down until speed 

reaches maximum, hold for 20 seconds then release 

8. Check to make sure all liquid has pooled at bottom of wells  

9. Take plate to qPCR machine 

a. If there is a delay or a wait for machine, wrap the plate in aluminum foil to protect 

from light and store on ice. If plate must be run next-day, place in freezer 

overnight and then replace plastic seal before running assay  
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20 μl reaction/well for a 96-well plate: 

Used PerfeCTA SYBR-green 

2 x SYBR green 10 µl 

5 µM Mix of F primer and R primer  2 µl (500 nM final) 

Nuclease-free, DEPC free H2O 5 µl 

cDNA  4 µl ( 20ng ) 

 

Primer Preparation:  

Primers reconstituted in Nuclease-Free water (100uM stock) and aliquoted into 100uL aliquots. 

5uM dilution made by 1:20 dilution in nuclease free water. 

Primers used for assessment of M Protein, designed by Grimsey lab using IDT Primer Designer 

tools:  

eEF1a1_f 5’ TCC CTG TGG AAA TTC GAG AC 3’ 

eEF1a1_r 5’ CCA GGG TGT AAG CCA GAA GA 3’ 

M_Protein_Set 5_F GTGACAACAACCAATCCACTAATC 

M_Protein_Set 5_R CTCCAGCTCTATGCTGACAAA 

Based off of M Protein sequence shown below:  

Agcgaaagcaggtagatattgaaagatgagttttctaaccgaggtcgaaacgtacgtactctctatcatcccgtcaggccccctcaaagccg

agatcgcacagagacttgaagatgtctttgcagggaagaacaccgatcttgaggttctcatggaatggctaaagacaagaccaatcctgtca

cctctgactaaggggattttaggatttgtgttcacgctcaccgtgcccagtgagcgaggactgcagcgtagacgctttgtccaaaatgccctta

atgggaacggggatccaaataacatggacaaagcagttaaactgtataggaagctcaagagggagataacattccatggggccaaagaa
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atctcactcagttattctgctggtgcacttgccagttgtatgggcctcatatacaacaggatgggggctgtgaccactgaagtggcatttggcct

ggtatgtgcaacctgtgaacagattgctgactcccagcatcggtctcataggcaaatggtgacaacaaccaatccactaatcagacatgaga

acagaatggttttagccagcactacagctaaggctatggagcaaatggctggatcgagtgagcaagcagcagaggccatggaggttgcta

gtcaggctagacaaatggtgcaagcgatgataaccattgggactcatcctagctccagtgctggtctgaaaaatgatcttcttgaaaatttgca

ggcctatcagaaacgaatgggggtgcagatgcaacggttcaagtgatcctctcactattgccgcaaatatcattgggatcttgcacttgacatt

gtggatgcttgatcgtctttttttcaaatgcatttaccgtcgctttaaatacggactgaaaggagggccttctacggaaggagtgccaaagtctat

gagggaagaatatcgaaaggaacagcagagtgctgtggatactgacgatggtcattttgtcagcatagagctggagtaaaaaactaccttgt

ttctact 

20 µl reaction/well for a 96-well plate: 

Used PerfeCTA SYBR green 

2 x SYBR green 10 μl 

5 μM Mix of F primer and R primer  2 μl (500 nM final) 

Nuclease-free, DEPC free H2O 5 μl 

cDNA  4 μl ( 20ng ) 
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PCR conditions: standard SYBR green conditions on qPCR machine:  

Step 1: 50° C for 2 minutes 

Step 2: Increasing 1.6°C/s to 95°C, held for 10 minutes 

Step 1 PCR stage: Increasing 1.6°C/s to 95°C 00:15 seconds  

Step 2 PCR stage: Decreasing 1.6°C/s to 60°C 1:00 minute (Data collect at this stage) 

Repeat PCR stage 40X 

Step 1 Melt Curve Stage: Increasing 1.6°C/s to 95°C 00.15 seconds 

Step 2 Melt Curve Stage: Decreasing 1.6°C/s to 60°C 1:00 minute 

Step 3 (Dissociation): Increasing 0.15°C/s 95°C 0:01 second 
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1.5 General Immunoprecipitation 

DAY 1: BCA, IP 

Note: Keep samples on ice. 

1. Sample Preparation:  

2. Thaw samples on ice 

a. Add 2x lysis buffer + inhibitors to samples as they thaw  

i. I.e., 700 uL of homogenate + 700 uL 2x buffer.  

b. While samples thaw, prepare aliquot of 1x lysis buffer + inhibitors 

3. Pipet samples to mix well  

4. Spin down samples at 500 rcf for 8 minutes 

5. Move supernatant to new tubes 

6. Dilute samples 1:10 in some lysis buffer  

a. Prepare 1x lysis buffer from 2x stock 

b. 25 uL stock into 225 uL lysis buffer 

7. Perform bicinchoninic acid (BCA) assay   
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BCA:  

Standard Prep:  

1. Prepare standards according to table below:  

a. Dilute standards in the same lysis buffer composition used for samples 

b. Freeze leftover standards for next experiment (no more than 3 thaws) 

Vial Buffer volume Volume BSA stock Final BSA Conc 

A 980 µl 20 µl 2000 µg/ml 

B 125 µl 375 µl of A 1500 µg/ml 

C 325 µl 325 µl of A 1000 µg/ml 

D 175 µl 175 µl of B 750 µg/ml 

E 325 µl 325 µl of C 500 µg/ml 

F 325 µl 325 µl of E 250 µg/ml 

G 325 µl 325 µl of F 125 µg/ml 

H 400 µl 100 µl of G 25 µg/ml 

I 400 µl 0 0 µg/ml 

 

2. Determine the total volume of working reagent needed  

(#Standards x 2) + ( # of Unknown x 3) x (volume of WR per sample) = total 

Example:  

     18+6 extra  + 4(x3)  x    0.2ml             =  7.2 mL WR 

(account for extra): 7.5 mL  

3. Add 25µl of each standard or unknown sample into each well in duplicate 
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4. Prepare working reaction mix: 50 parts reagent A with 1 part reagent B 

From example: 

 7.35 mL A 
150 uL B 
 
5.  Add 200 µl of WR to each well (96 well plate) using reverse pipetting  

As soon as you add WR to well, starts to turn purple, work quickly  

6. Cover plate and incubate at 37 C for 30 minutes  

7. Measure absorbance at 562 nm on a plate reader. 

8. Analyze protein concentration using BCA standard curve  

9. Prepare Dilutions for downstream applications:  

1. Prepare dilution for IP, (account for sepharose controls. 2 µg/µl)  

2. Prepare dilution for WB (1 µg/µl in LSB+DTT) and phospho-tag gels.  

IP:  

1. Add 270 µl of resuspended sepharose beads to new tube (bead volume depends on how 

many samples you’re using. 30 µl of beads per sample.)  

1. Mix beads thoroughly, as they settle quickly 

2. Wash with 850 µl of lysis buffer (same as used above, but diluted to 1x with PBS to not 

change concentrations of salts in frozen samples). 

3. Spin down with short burst (hold short button to spin to max speed, then let go of short 

button)  

1. Pull off old lysis buffer, leaving ~150 µl on top of beads 

2. Add another 850 µl lysis buffer, invert tube to mix  

4. Repeat steps 2-3 (2x) more times  
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5. Pull out 900ug of protein (calculated from BCA) per sample 

1. Dilute samples to 2ug/µl (450 µl total volume) 

2. Pull out 50 µl for “input” fraction  

6. Incubate sample aliquots with antibodies for overnight (for p38, santa cruz sc-271120) 

1. 7.5 µl per sample  

2. Block beads during this step as well  

7. Block beads with 1 mg/mL BSA in lysis buffer for 1h 

1. Use a 1:100 dilution of 100mg/mL BSA stock in volume on beads  

8. Wash beads (2x) following steps 2-3  

9. Resuspend beads in proportional volume  

1. I.e. resuspend beads in 900 µl, 100 µl per sample with 1 sample extra. Or resuspend 

in 350 µl, 70 µl per sample, 1 extra.  

10. Add beads to sample aliquots, rock O/N at 4°C.  

DAY 2  

IP part 2: 

1. Spin down beads with Short Burst 

2. Remove post I.P lysate carefully and keep the supernatant in a separate tube, dilute per 

BCA calculations.  

3. Add 1 mL (or appropriate amount) of lysis buffer to wash beads, remove wash carefully, 

leaving behind ~100 uL   

a. Repeat three times 

4. On third wash, remove supernatant one tube at a time using a 27 GA needle and syringe 
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a. Keep bevel of needle against side of tube, careful to not lose beads when aspirating 

supernatant 

b. Immediately add elution buffer after taking off supernatant 

5. Elute samples in 40 µl of 2x sample buffer 

a. Heat to 50℃ for 5 mins then to 95℃ for 5 mins. Spin down and freeze if not 

proceeding to western blot immediately.  

b. If using immediately, or thawing, spin max speed for 2 mins to compact bead pellet. 

Store at -80 C 

6. Western blot, probe using 1 or 1.5 mm, 8-10% gel.  

a. Use 10-20 ug of pre-IP lysate 

b. Use 50-100% of post-IP eluate.  

Run Western blot for IP samples.  
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1.6 General Immunoblotting Protocol    

General-use immunoblotting protocol.  

Day 1:  

Sample prep and running gel:   

1. Prepare immunoblot loading sheet.  

2. Retrieve samples from -80°C   

3. Place in warming block (95°C) until liquid (~1min), vortex samples for ~20 sec, 

centrifuge for ~5  sec, take out and flip whole tray upside down to mix, centrifuge again 

for ~5 sec  

a. Do all this with samples and MWM, but DON’T VORTEX MWM.  

4. Retrieve SDS-page polyacrylamide gels from fridge (prepared within 2 weeks of use).  

a. Place in western blot apparatus and take out comb  

5. Pour in 1x running buffer (if none, dilute 10x running buffer) up to 2 gel line (unless 

using 1 gel) 

a. Add slightly below line and top off gel part when done loading  

6. Load samples with control on the left and samples on right (10μL for .75mm gel. If you 

need to use more volume, you must use a 1.0 or 1.5 mm gel)  

a. Empty wells should be filled with some lysis buffer to maintain salt 

concentrations across running line  

b. Remember to load from left to right when looking at the gels from the outside 

(load “backwards” facing gel in reverse)  

7. Set to 180V, set time if you prefer, but will take around 50 minutes to run to completion  

a. Complete once blue line has just run off the gel into the running buffer 
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8. Store samples back in -80°C freezer immediately after loading  

Transfer to PVDF membrane:  

9. Assemble transfer cassette with sponges on either side of gel, 3x filter paper soaked with 

transfer buffer on either side of gel (2x if using thick blot paper)  

10. Place 1 pre-cut PVDF membrane in plastic dish with some 100% MeOH-  

a. use tweezers, don’t touch with hands  

11. Place1x transfer buffer (contains SDS, 200mg per 2 liters, but no MeOH -> store in deli 

fridge) in small glass casserole dish with the 4 filter papers (2 for each side)  

12. Pour out running buffer and rinse everything with DI water   

13. Place membrane from MeOH container onto 3x filter paper in glass dish  

a. Make sure it stays wet and isn’t allowed to dry out 

14. Gently peel off gel with green wedge, cut off wells, and lay on membrane  

a. Be aware of how the gel is orientated on the PVDF membrane. Careful not to flip 

the gel either reverse or upside-down. Keep a close eye on this to prevent 

mistakes 

15. Gently roll surface of PVDF with roller to remove bubbles   

16. Place 3x filter paper on top of gel, roll with roller to remove bubble 

17. Place sandwich of filter paper, PVDF, gel, and filter paper onto sponge in transfer 

cassette. Ensure a sponge is on either side of transfer cassette.  

18. Place cassette into red and black cassette holder so that the black plate faces the black 

half of the cassette holder. Current will flow from black to red, so ensure that the gel and 
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PVDF membrane are oriented in the cassette holder so that protein will be pushed out of 

the gel and onto the PVDF membrane and not the other way around.  

19. Fill with 1x transfer buffer (from casserole dish then bottle) and put whole apparatus on 

stir plate 

a. Add stir bar and ice pack and place apparatus into a casserole dish with ice in it. 

Ensure the apparatus is completely flat.  

20. For standard transfer conditions, 400 milliamps for 1H 45M for 1-2 gels. Use 800 

milliamps if running 4 gels, and thus 2 apparatus. The machine will split the current 

between the apparatus.  

21. Put transfer buffer back into bottle and store at 4°C.  

After transfer:  

22. Pour a bit of TBST into glass casserole dish   

23. Disassemble cassettes, throw away filter papers and gel (biohazard waste, not hazardous 

waste), and put PVDF membrane in glass dish with TBST resting on a glass plate used to 

make gels (better for cutting).  

24. Pour fresh 5% milk buffer in TBST (10g milk powder into 250 mL glass bottle and add 

1xTBST to 200 mL) into compartments of plastic container (or however many 

compartments you need for individual antibodies)  

25. Can also use tupperware or boxes on shelf for bigger membranes 

26. Draw where ladder markers are on PVDF membrane with pen on front of membrane (on 

side with proteins)  

a. Side with proteins is where membrane was touching gel  
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b. Use blue ballpoint pens only. No gel pens, no black ink.  

27. Label blots with name and what you’re testing for on side of PVDF not bound to protein.  

28. Place each membrane piece in its own chamber with protein side facing up in the milk. If 

running 2 blot pieces with the same antibody, face one of the blots downward and one 

upward so that the non-protein-bound sides of the PVDF membranes are facing each 

other. Ensure that you use enough antibody so that the blots “float” some when rocking.  

29. Put blots on rocker for 15 min  

30. Pour off milk, then gently pour more milk into each well, careful not to pour directly onto 

protein-bound part of PVDF.  

31. Pour off milk and wash blots with 1X TBST for 10 min  

a. Repeat 3X 

32. Pour off TBST and add primary antibody  

a. ○ Antibodies should be diluted into 3% BSA in TBST with NaA3 to prevent 

microbial growth 

b. Prepare 50 mL 3% BSA TBST by adding 1.5g BSA (kept cold at 4°C) + 50mL 

TBST + 100μL NaA3 (sodium azide is very toxic, be careful with it). Store 

unused 3% BSA TBST at 4°C.   

33. Incubate overnight on rocker at 4°C 

Day 2:  

1. Remove antibodies from blots using serological pipettes. Store antibodies for repeat use.  

2. 2x quick washes with TBST  

3. 3x 10min washes with TBST  
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4. Prepare secondary antibody dilutions in 5% milk buffer  

5. Incubate at room temperature for 1H 

6. 2x quick washes with TBST  

7. 3x 10min washes with TBST  

Developing and imaging:  

8. Mix ~100μL of either ECL substrate (clear and brown bottles) per piece of blot in 1.5mL 

tube  

a. Careful not to mix  

9. Use tweezers to pick up blots, dab on kimwipe/paper towel, and place on plastic wrap 

surface protein side up  

10. Pipette ECL mixture onto blots and use pipet to gently spread it; make sure the whole 

surface is covered! 

11. Place the box over blots for 5 min so they develop; after 2 mins, quickly flip blots over so 

the proteins are  face down in the liquid.   

12. Use tweezers to pick up blots, dab the edge on kimwipe, place on sheet of plastic  

a. Make sure plastic is clean beforehand.  

13. Align correctly and then put another sheet of plastic on top to make sandwich  

a. Place from middle out to try to avoid bubbles -> smooth them out with paper towel 

gently once sandwiched  

14. Image using black plate on ChemiDoc 

15. After imaging, return blots to plastic chambers and 2x quick rise with 1x TBST. Blots can 

be stored in 4°C in TBST. 
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2.1 Key Solutions Used in Mouse Experiments:  

2,2,2-Tribomoethanol (Avertin) in 2% Tert-amyl alcohol used for deep sedation:  

Prepare stock by mixing equal parts Avertin with tert-amyl alcohol (i.e. 5 g avertin in 5 mL tert-

amyl alcohol), mix at RT overnight in a foil-wrapped tube on rocker. Protect from light. Keep 

stock at 4°C for up to 2-3 months before starting to lose efficacy. Prepare working stock by 

diluting 0.5 mL stock solution with 24.5 mL PBS. When adding stock to PBS, add in volume and 

quickly cap and mix the tube. Vortex heavily. The avertin stock can crash out of solution if not 

mixed quickly enough. It will eventually go back into solution but will require lots of vortexing 

(tends to form a condensate at bottom of tube). Filter with 0.2 micron filter and protect from 

light. Solution good for 2 weeks at 4° C.  

Ketamine/Xylazine mix used for very deep sedation (mice will be completely sedated for 

30-min to 1H):  

Prepare Ketamine Xylazine; 9% Ketamine, 5% xylazine, 86% PBS. Use 27g needle to pull drugs 

from stock bottles. Drugs must be stored in drug lock box. Place extracted ketamine/xylazine 

into sterile 1.5 mL tube and use a p200 to measure the exact volume removed from glass vials. 

Accurate volumes must be recorded in FDA log. Weigh the glass vials and record.  
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Triton Lysis Buffer 2X used for lysis of lung homogenate for protein extraction:  

Reagents are calculated to be 1x when diluted to final endpoint (added to LSB+DTT). 

Concentrations in parenthesis are working stock when diluted to 1X in PBS.  

• 180 mL MilliQ water 

• 30 mL Tris 7.4 1M (100mM) 

• 12 mL NaCl 5M (200mM) 

• 6 mL 0.5M EDTA pH 8.0  

• 1,258 mg NaF (100 mM) 

• 2.676 g NaPP (20mM) 

• 6 mL Triton x-100  (1%)  

• pH to 7.4, fill to 300 mL, sterile filter through 0.2uM  

• Sodium glycerophosphate added at 2x concentration (20mM final) to working aliquot  

• Na3V04 added at 2x concentration (200 uM final) to working aliquot 

• Pepstatin A, Aprotinin, Benzidimide, Leupeptin 1mg/mL stock all added at 2X stock to 
working aliquot (Apr, Leu, PepA, 1uM final, Benz 10uM final).  
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2.2 Mouse Colony Maintenance  

Mouse weaning notes:  

-Mice may be weaned at 21 days (3 weeks) after birth at earliest, but can be held for 4 weeks if 

mice are small in size.   

-Count pups around D8-10, minimize interacting with dames with pups younger than D3. Too 

much interaction can stress out dames. 

-If working with harem cages and one female has given birth to a large litter, consider placing 

the other female, if pregnant, into her own cage. Give her plenty of bedding. This will lower 

stress of having high populations in the cage.  

-Leave males with dames in breeding cages, do not separate the male when you see a litter, the 

males help with the pups.  

-use Jax labs poster at back of Room 33 to estimate age of pups. If unsure, ask for help from the 

lab or from the facility technicians.  

-freshly-weaned pups may take a while to learn how the water bottle works. Position the red 

houses just under the water spicket for the water bottle and soak some food pellets in water to put 

at the bottom of the cage.  

-When selecting mice to use for breeders, try to avoid pairing mice from the same litter. Check 

the undersides of mice (especially males) for evidence of dermatitis. Do not use dermatitis mice 

for breeding. Use younger females, males can be swapped between cages if needed.  



 

 

236 
 

-Note on breeder cage cards when a litter is produced. If no litter for 3 months, careful check the 

females for pregnancy, and if not pregnant, end the breeder cage. If no litter within 3 weeks of 

setting up a new breeder, consider swapping out males, or swapping out for younger females.  

-Maintain a supply of “backup mice” in case breeders stop being effective. Prioritize female 

mice as “backup mice”, as females will be the limiting factor in colony bottlenecks.  

-You can combine females from different litters in the same weaned cage but punch the ears and 

record on the google sheet AND the cage cards which mice have punched ears, so you can keep 

track with which mice come from which breeders. You cannot combine male mice from different 

litters. Single housed male mice should be euthanized or used at time of weaning for downstream 

experiments.  

-When mice are selected for experiment, remember to put in a Change AUP request that must be 

completed before the mice can be used for the experiment so that mice are accounted for in the 

experimental AUP rather than colony maintenance.  

Weaning procedure: 

1. Clean off hood workspace with Peroxiguard 

2. Prepare 2 fresh cages with food, a water bottle, fresh bedding pellet (manually pulled 

apart), and shelter, inside hood space 

a. Sprinkle a little food onto the floor of the cage, in case pups haven’t figured out 

how to climb to get food 

3. Label cages “male” and “female”, fill out all information on new Grimsey lab cage cards 
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a. Key info is cage the mice came from (breeder cage #), strain of mice, number of 

animals per cage, Date of Birth, Start Date, and User 

4. Take breeder cage out of rack and place in hood area 

5. Begin removing pups from cage 

a. Remove house and bedding from breeder cage when pulling out pups, makes it 

easier to grab them 

b. Swift, confident movements work best. The mice will only bite if you hesitate 

with your hand low in the cage. They just want to get away from you. They are 

more afraid of you than you are of them.  

c. Pick up mice by the tail only. Grasp at end of tail.  

d. Place lid back on cages if you get distracted or need to step away from the hood 

space. Mice can jump, and the adults will try to climb out of the cage. If they do, 

do not panic. The mice can’t get away easily. Calmly take the mouse by the tail 

and return to its cage. Never leave cages unattended.  

6. Sex mice (see pictures) and place in either male or female cages.  

7. Repeat until all pups are removed 

8. If there are more than 6 pups of either gender, you must split pups into additional cages. 

I.e. if you have 8 female pups, prepare 2 cages of 4 pups.  

a. If weaning 2 breeding cages at the same time where both cages are the SAME 

GENOTYPE, you can combine FEMALES ONLY. Do NOT combine male pups 
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from different breeder pairs. When they reach sexual maturity, they will fight. 

Females generally won’t.  

9. Document number of pups, by sex, as well as which cage you weaned, and the date of 

birth of the pups, into the online Grimsey Lab mouse room log book.  

10. Place lids onto all cages, make sure they click on securely.  

11. Return cages to racks.  

a. CRITICAL: Make sure pups have water bottles inserted into cages, and check that 

the bottles are not leaking (they will drip constantly if the nozzle is touching a 

shelter.  

b. CRITICAL: Ensure that the cages are oriented so that the water port (small round 

metal hatch) at the back of the cage toward the rack. CAGES LOADED 

IMPROPERLY ONTO RACK WILL CAUSE FLOODING AND DROWNING. 

CHECK EVERY CAGE YOU LOAD TO THE RACK FOR THE “CLICK” 

AND RED INDICATOR.  

12. Wipe down hood space with Peroxiguard when cleaning up 
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Mouse sex examples:  
Mice aged at 3 weeks. 

Male       Female  

 

Note “milk spots” on females. Males lack these.  
Note distance between anus and genitals. It is further on males, with a more pronounced 
prepuce.  
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2.3 Genotyping TAB1-KI C57BL6 mice  

References: Thermo Fisher Phire Animal Direct PCR Kit online resources for genotyping 

transgenic mice  

Overview: 

-DNA extraction (hair pull, tail clip, or ear punch)  

-PCR 

-Electrophoresis and Imaging Interpretation  

DNA extraction (hair pull): 

Materials:  

Tweezers (sterilized with Ethanol/Peroxiguard)  

Microcentrifuge tubes 

Method:  

If working with a large tissue sample, use tweezers, scissors and razor blades to trim small pieces 

of tissue (about the size of the head of a pin is good). Ear punches work best, but can also use tail 

snips or pulls of hair as long as the follicles are in tact. Remember: when handling samples with 

tweezers, you MUST clean/sterilize tweezers between each sample. Avoid cross contamination 

by washing tweezers in ethanol and wiping down with clean paper towel. Due to the sensitivity 

of the Phire kit, it is essential that even a single hair does not get mixed between samples.  
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PCR: 

Materials:  

Thermo Fisher Phire Animal Direct PCR Kit (Cat #F-140WH)  

PCR machine  

PCR tube strips  

10 µM Working stock of Forward and Reverse genotyping primers (1:10 dilution from 100 µM 

stock, in nuclease free water)  

Nuclease free water  

Method:  

Samples can be processed by one of 2 methods; Direct PCR protocol, or dilution and storage 

protocol. Dilution protocol is preferred for storing samples for later use or troubleshooting. 

Direct method is for quick genotyping. If you’re working with a limited amount of sample (i.e. 

you can’t get more), recommend doing the dilution method as it is more forgiving of mistakes 

when running electrophoresis gels.  

Direct protocol:  

1. Create master mix of PCR reagents according to table below 

2. Add 50/25 µl per reaction to PCR tubes 

3. close all lids to PCR tubes 

4. open 1 tube at a time to add tissue sample directly into PCR reagents.  
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a. If using hair, use fine-tip tweezers to add sample 

b. Clean tweezers with 100% ethanol and wipe dry in between each sample  

5. Run PCR 

Thermo Scientific DNA release Additive included in gel loading dye when analyzing products 

on agarose gel.  

Note: We don’t do the 50uL reactions normally, they are included as they come from the kit. For 

routine genotyping, use 25uL reactions.  

Dilution protocol:  

1. Place tissue into 20 µl of Dilution Buffer containing 0.5 µL of DNA Release Additive.  

2. Incubate at RT for 2 minutes,  

3. heat to 98°C for 2-5 minutes.  

4. Spin samples down  

5. Add 1 µl of supernatant as a template, to 20 µL PCR reaction tube (see below).  

6. Supernatant can be transferred to a new tube and stored at -20° C for 1 year.  

Prepare master mix of PCR reagents: 

Don’t forget to take into account positive and negative controls (positive control to test sample 

integrity uses the supplied Universal Control Primers found in the Phire kit. Ctrl universal 

primers are in a 25 µM concentration, use 0.5 µL of solution per 20 µl reaction for a 0.5 µM final 

concentration).  
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Negative ctrl: no template DNA (add 1 µL H20 instead)  

Calculation per sample:  

(always account for 1 extra, 2 if using >15 samples)  

Multiply numbers below for # of samples 

Primers are diluted to 10 µM in H20 prior to beginning (1:10).  

Add all reagents in descending order as listed below;  

Components 20 µL 
reaction 
(dilute) 

50 µL reaction 
(direct)  

25 uL 
reaction  

(direct)  

Final 
concentration  

H20 6.6 19 9.5 
 

2x Phire Animal Tissue 
PCR buffer 

10 µl  25 µl  12.5 1x  

Forward Primer 
(TAB1_KI_F) 

1 2.5 1.25 0.5 µM  

Reverse 
Primer  (TAB1_KI_R) 

1 2.5 1.25 0.5 µM  

Phire Hot-Start II DNA 
polymerase 

0.4 µl  1 µl  0.5 
 

Sample: Direct protocol 
 

0.5 mm punch 

(pinch of hairs 
with follicles, at 
least 2-3) 

  

Dilution protocol 1 µl  
   

 

Do not vortex PCR master mix, use pipette to mix up and down. Add enzyme to master mix last. 

Add samples to tubes 1 at a time, be sure to close each prior tube before adding the next sample.  
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If you can’t get clean results, try increasing the primer amount to 5 µl per sample.  

PCR instructions:  

 
2 step protocol  3-step protocol  Cycles 

 
Temp time Temp.  Time 

 

Cycle step  98°C 5 minutes 98°C 5 minutes 1 

Denaturation  98°C 5 sec 98°C 5 sec  

40 Annealing 
  

59.8°C 5 sec 

Extension  72°C 
 

72°C 20 sec 

Final Extension  72°C 

4°C 

1 minute 

hold 

72°C 

4°C 

1 minute 

hold 

1 

Annealing temp based on lower Tm of primers.  

Use “TAB1-KI GENOTYPING” PCR protocol on PCR machine. Protocol takes ~1h to 

complete.  

Recommended to use 3-step protocol with dilution protocol.  

Preparation of 2% Agarose gel: 

-Agarose (2g)  

-1x TAE (100 mL) 

-SybrSafe (APE BIO A8743 (10 µl)  
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1. Add agarose to TAE and mix.  

2. Microwave until boiling, swirl to mix agarose.  

3. Once agarose is fully dissolved (apx. 2 minutes if swirled frequently, do not over boil as 

this changes concentration of gel) cool beaker over water until molten agarose is ~68°C.  

4. Add 10 µL SyberSafe (solution will turn orange).  

5. Pour into mold and place in dark space (SybrSafe is light sensitive).  

6. Start making this when you begin the PCR and it will be ready by the time the PCR is 

finished. Alternatively, 2% agarose gels can be stored in bags and stored at 4°C in the 

dark.  

Electrophoresis and Imaging Interpretation:   

Run electrophoresis for ~1h at 70 volts. Image on chemidoc (blue or black plate). Use 100bp 

ladder. Single band at 400 BP indicates Knock-In. Single band at roughly 250 BP indicates WT. 

Double band at both locations indicates heterozygous.  
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2.4 Intratracheal injection of LPS 

Prior to beginning experiment:  

-Sterilize 22g reusable feeding needles via 100% etOH soak. While in TC hood, attach needles to 

5mL syringe and pipet pure etOH through needle, being sure to expel remaining etOH with air. 

Use vacuum to dry the sterilized needles and place into sterile 15 mL tube. 

-Prepare Ketamine Xylazine; 9% Ketamine, 5% xylazine, 86% PBS. Use 27g needle to pull 

drugs from stock bottle. Place extracted ketamine/xylazine into sterile 1.5 mL tube and use a 

p200 to measure the exact volume removed from glass vials. Accurate volumes must be 

recorded in FDA log. Weigh the glass vials and record.  

1. Prepare isolation cage by placing a fresh mouse cage onto heated blanket turned up to 

medium heat. Leave half of mouse cage off of the heat.  

2. Weigh mouse in grams. Dose at 0.01 mL/g IP. Delivers 90 mg/kg K, 10mg/kg X.  

Average mouse: 24g = .24 mL K+X.  

3. Using the non-dominant hand, the mouse will be scruffed, securing the entire loose skin 

along the back in the palm of the hand. Secure the tail using the smallest finger. Turn 

palm upward so that mouse is lying on its back with its abdomen exposed.  

4. Tip the animals’ head downward to allow the internal organs to move forward to the 

chest cavity. 

5. The  needle will be inserted at a 15-20 degree angle into the animals’ lower right 

quadrant by using the smallest needle that will easily pass the material, one no larger than 
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25g (use 27g). Once the needle has penetrated the abdominal cavity, keep it straight to 

prevent slicing abdominal organs with needle tip. 

6. Retract syringe plunger to verify no blood, feces, or urine is present before making 

injection. If contaminates are drawn up into syringe, try again with new needle. 

a. If mouse wriggles free of the needle before injecting but after puncture, switch to the 

lower left quadrant for injecting to avoid leakage 

7. After injection, place mouse in isolation cage and observe until mouse loses 

consciousness. Mouse will be unconscious for ~30 minutes before beginning to move 

again  

8. Ensure mouse is fully unconscious with toe pinch prior to moving forward 

9. Use a small spatula to apply ophthalmic gel to mouse’s eyes to prevent drying out  

LPS/PBS injection: 

Pre-dilute LPS to 5 mg/kg (using 5 mg/mL stock).  

1.  Pipet 35 µl into sterile syringe.  

2. Tap bubble of liquid toward bottom of syringe with affixed feeding needle, and re-insert 

plunger.  

3. Carefully tap liquid bubble to seal bottom of syringe, then push plunger VERY 

CAREFULLY but smoothly until a bead of liquid appears at end of feeding tube.  

4. Immediately stop pushing plunger, and retract the bubble of liquid back into tube. Liquid 

is now loaded into the needle itself, for most accurate administration.  
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Injection procedure:   

1. Secure mouse with tape to 60° procedure board 

2. Suspend sedated mouse by upper incisors from the thread attached to the positioning 

screws of the procedure platform. Make sure animal’s dorsum lies flat on platform 

surface. 

3. Place piece of tape loosely across lower (caudal) portion of thoracic cavity, just above 

diaphragm (prevent ventilation) Place tight enough to maintain proper alignment during 

procedure.  

4. Use sterile blunt end forcep to locate tongue. Be careful to avoid lower incisors, grip and 

draw out of mouth.  

5. Slide the pneumatic otoscope down throat carefully 

a. Be very careful not to over-stretch mouse’s jaw, can cause injury  

b. Stabilize hand holding the otoscope (usually left hand) 

6. Lower the 22G sterile feeding needle, with attached syringe containing bolus of PBS or 

LPS+PBS 

7. Feed needle down throat until tip of needle passes through epiglottis  

a. Epiglottis has a whitish look, will contract rapidly when the needle passes through it 

8. Deposit 35 uL LPS with or without inhibitor or other condition 
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9. Recover mouse on heated blanket until mouse is mobile again. Carefully monitor mouse 

temperature (usually by hand) to make sure mouse does not get too cold or overheat. 

Move mouse to be half on, half off warmed portion of cage 

10. Move and adjust mouse’s position while it is unconscious to help blood flow to all limbs 

and prevent injury, will also help to rouse mouse awake  
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2.5 Lung Extraction for OCT Embedding and Cryostat Sectioning 

1. Weigh mouse and record on log sheet (provided on google drive) 

2. Euthanize mouse with injection of 2% Avertin working stock in PBS 

3. Dilute 500 µl of working solution (made by dissolving 25 g avertin in 25 mL tert-amyl 

alcohol overnight and filtered through 0.22 µM filter) in 24.5 mL PBS. Solution good for 

2 weeks at 4*C. Protect from light. Euthanize mouse by injecting 900-1000 µl IP. Mouse 

should quickly lose consciousness and breathing should slow or stop. Cervical dislocate.  

4. Pin mouse to dissection board by paws. Use scissors to cut through skin from abdomen to 

under neck. Pull skin apart, exposing rib cage and neck muscles.  

5. Remove muscles, fat tissue from trachea, exposing it all around (careful not to puncture 

trachea) 

6. Use scissors to cut arteries at either side of neck, and soak up blood with paper towel  

7. Wait for blood flow to cease (or perform cardiac puncture and drain blood through right 

ventricle).  

8. Prior to catheter insertion, pre-fill 1mL syringe with 300uL of 1:1 PBS/OCT mixture 

9. Insert 20g catheter through trachea 

10. Tie off the catheter and needle down the trachea close to the lungs after inserting it 

through the trachea (about 5-6mm down into trachea)  

11. Slowly remove the needle from the catheter 

12. Use scissors to cut tissue away around head and catheter. Sever head, being careful to cut 

trachea above where the catheter was inserted 

13. Place head on ice for further processing  

14. Use scissors to cut away ribcage, exposing heart and lungs. Be careful not to nick lungs.  
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15. Attach syringe filled with 300uL 1:1 PBS/OCT mixture to catheter  

16. Inject PBS/OCT mixture into mouse lungs, lungs should inflate but should not leak 

OCT.  

17. Remove catheter, tying off suture immediately to prevent leakage  

18. Carefully dissect heart, careful not to cut trachea or lungs 

19. Use scissors to cut tissue above trachea, and carefully lift trachea by suture strings with 

one hand, trimming away with small scissors any tissue that clings to the trachea  

20. Continue this process, carefully lifting trachea and cutting tissue away from it, until lungs 

and trachea lift out of the ribcage 

21. Carefully annotate OCT freezing vessel to orient lungs 

22. Move lungs (by suture strings) to PBS bath 

23. Prepare freezing chamber of isopentane and liquid nitrogen 

24. Cold isopentane in metal canister, laid into styrofoam box filled with liquid nitrogen 

25. Lift lungs by the trachea with tweezers, and carefully place into OCT-filled chamber, 

oriented to be able to identify left and right lung upon cryo-sectioning  

26. With lungs placed, add additional OCT on top of lungs 

27. Take either side of freezing container with tweezers, and carefully lower into isopentane 

bath 

28. Either hold tissue in place or release and allow to float in isopentane until OCT is fully 

frozen 

29. Remove OCT-embedded tissue from isopentane and store on dry ice or at -80°C 

30. Move lungs to clean plate, and coat with OCT, careful not to get too many bubbles 

31. Fill freezing vessel with about 5mm OCT, and place lungs in  
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32. Take a photograph of lungs oriented in freezing vessel for future reference  

33. Trim sutures down to bare minimum of knot 

34. When lungs freeze in OCT, ensure entirety of lungs are covered, add more OCT to ensure 

35. Remove and store lungs in sealed bag, keep on dry ice/at -80°C.  
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2.6 Collection of Lung Homogenate Samples  

1. Euthanize mouse with 1 mL 2% Avertin and cervical dislocation. 

2. Confirm deep sedation plane by no response to deep toe pinch. 

3. Harvest blood via cardiac puncture. 

4. Spray fur with ethanol. 

5. Open the abdominal cavity and cut the renal artery. 

6. Open the chest cavity by cutting the diaphragm and cutting up both sides of the rib cage, being 

careful not to touch the lungs. 

7. Perfuse with 5-10 mL cold PBS + 1 mM EDTA through the right ventricle of the heart. 

8. Remove the lungs using tweezers to pluck, making sure the heart is not taken with the lungs 

and place in bead mill tube (round bottom, locking) with 1 mL PBS and 1 ball bearing.  

9. Centrifuge blood in brown cap serum tube for 5 min at 10,000 rpm at room temperature. 

10. Harvest the serum into microcentrifuge tubes and store at -80°C. 

11. Homogenize lungs in pre-chilled holders at 25 Hz for 2 min. 

12. Centrifuge samples at 4°C for 5 min at 500xg. 

13. Remove 150 µl into separate epi tube and centrifuge for 5 min at 5000xg at 4°C for 

cytokines. 

14. While that is spinning, aliquot the low-speed supernatants for: 

RNA: 2 tubes (100 µl sample + 350 µl TRK lysis buffer for RNA) 
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Protein: 300 µl into 300 µl of 2X Lysis buffer prepared with phosphorylation/protease inhibitors 

(2X Triton Lysis Buffer) 

15. Harvest the clarified supernatant from the high-speed spin into a separate epi tube for 

cytokine analysis. 

16. Freeze samples at -80°C.  
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2.7 Collection of Bronchoalveolar Lavage 

Protocol developed to extract bronchoalveolar lavage (BAL) from mouse lungs from influenza-

infected mice to assess immune cell investment and protein secretion.  

Day 1: Infect mice with 10^4 PFU X31 influenza. 

 -72h post infection for analysis of D3 IAV vs vehicle ctrl 

Day 4:  

Prepare:  

Wash: cold PBS + 1mM EDTA  

Antibody list:  

Invitrogen 12-1702-82 
Anti-Mo CD170 (Siglec F)  
Clone: 1RNM44N 

eBioscience 45-4801-82 
Anti-mouse F4/80 
PerCP-Cy5.5 
Clone: BM8 

Invitrogen: eBioscience 17-9668-82 
Anti-MO Ly-6G 
APC 
Clone: 1A8-Lys6G 

Tonbo Bioscience: 35-0112-U500 
Anti-human/mouse CD116 
FITC 
Clone: M1/70  

CD11c (Efluor 450, Invitrogen/eBioScience 
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Isolation of BAL:  

1. Euthanize mice by Avertin overdose (1 mL)  

2. Cut open and away mouse ribcage, cut and expose mouse trachea 

3. Insert 18-20 gauge catheter into trachea 

4. Attach syringe containing 1 mL BAL wash 

5. Slowly inject 1 mL BAL wash, watch lungs inflate 

6. Pull back plunger on syringe, drawing up BAL.  

7. Repeat step 4-5 (2) more times  

a. BAL will be foamy from surfactant protein 

8. Place BAL into 15 mL microcentrifuge tube on ice 

9. Repeat step 4-7 (2) more times  

10. Take mouse ear samples for genotype verification  

11. Repeat steps 1-10 for all mice 

12. Spin down BAL at 1250 RPM for 10 minutes 

13. Carefully remove supernatant and save in separate tube.  

14. Resuspend cell pellet fraction in flow-sort buffer  

a. Count cells using hemacytometer/cell counter and adjust volume  
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b. Prep comp samples (note for future: have extra mice used just for comps, OR use 

beads)  

15. With samples on ice, transport to Coverdell for cell-counting by flow cytometry 

16. Perform flow-cytometry quantification of immune cell types with  

a. If sorted populations are low, pool cells together after count 

17. Lyse sorted cells for mRNA quantification  

a. Spin cells down at 5000g for 5 minutes 

b. Remove supernatant  

c. Lyse in Buffer RLT + BME (350 uL) for RNA quantification  

18. Perform downstream RNA extraction, purification, for downstream qPCR analysis  

a. If sufficient RNA extracted for PCR, save aliquots for downstream NG-RNAseq  
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2.8 Cytokine Panel  

Protocol developed toward assessment of proinflammatory cytokines in mouse lungs after 

influenza infection in TAB1-KI vs WT mice. Protocol adapted from ProcartaPlex Mouse and Rat 

Mix & Match Panel (Invitrogen).  

 

Note on sample preparation:  

Lung homogenate in PBS obtained from whole murine lungs, mechanical homogenization via 

bead agitator, spun down and supernatant extracted (~150 uL/sample). Samples have been stored 

in PBS at -80. 

Markers Selected for Investigation:   

GRO alpha (CXCL1) - chemoattractant produced by immune cells, neutrophils  

IFN beta -antiviral function, enhances type 1 immune response (TH1) 

IL-1 beta - master regulator of inflammatory response, MMP, COX2, IL-6 production  

IL-10 -anti inflammatory cytokine 

IL-19 - anti-inflammatory cytokine, produced by macrophages, negative feedback regulator 

IL-17A (CTLA-8) - T cell and neutrophil activation  

IL-28 - antiviral cytokine 

IL-4 - activates naive T cells into TH2  

IL-6 -acute proinflammatory mediator, stimulates aB proliferation 

MCP-1 (CCL2) 

TNF alpha - proinflammatory cytokine produced by macrophages/monocytes during ALI 

VEGF-A - upregulated by inflammatory cytokines, promotes angiogenesis  
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Experiment flow:  

Experiment #1: Limited tester titration to determine if surfactant proteins in our cytokine 

samples may affect interaction (masking effects) of analytes with detection aBs, and to assess 

appropriate concentrations for samples  

Experiment #2: Full panel of 2x 96 well plates, male and female samples, baseline, D3, and D5 

post-infection.  

 

Protocol: 

Notes prior to beginning experiment: 

 -use multichannel pipette and reagent reservoirs when possible  

 -Ensure MagPix instrument has been properly calibrated and set up prior to preparing and 

running assay  

 -Ensure that MagPix operator, all personnel, and the room space for the experiment as 

well as tissue handling and disposal is accounted for in project AUP.  

 -Begin experiment in morning to allow for all wait times 

Preparation of Samples and Buffers 

Prepare “Thawing Buffer” or 2X lysis buffer that is added to samples immediately following 

thawing 

 Intended to minimize protease activity  

For 4.5 mL of 4x triton lysis buffer (enough for two full plates of samples), add; 
18 uL each of Apr, Leu, PepA (1 mg/ml stock) 
180 uL Benz (1 mg/Ml stock)  
18 uL of 10mM Na3V04 stock 
27.6 mg glycerophosphate  
Added to 4.5 mL PBS 
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(Prepare 2 aliquots of this, one that is further diluted in PBS to 1X for dilutions)  
 

1. Thaw frozen samples on ice and mix well by vortexing and spinning down, keep cold 

2. Centrifuge at 10,000 x g for 10 minutes at 4° C to pellet out particulates 

3. Transport 120 µl protein to new tube. Volume must be exact for proper dilution.  

4. Move 120 µl into a new tube. If sample has less than 120, adjust dilution accordingly.  

 

Prepare wash buffer from 10x stock (supplied) 

1. Bring 10x stock to RT.  

2. Vortex 15 seconds 

3. Mix 20 mL Wash Buffer Concentrate with 180 mL ddH20. Mix gently to avoid foam.  

Dilution of Samples  

Note: Before running full plate, perform small-scale dilution experiment (Experiment #1) to test 

dilutions and surfactant protein masking.  

-take 2 samples, infected and uninfected WT samples  

3 concentrations;  

Neat, 1:4, 1:10 dilution. Dilute in buffer prepared above. Dilution buffer should be prepared with 

appropriate concentrations of protease inhibitors. 
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Vol. 

Sample 

Vol.  

Dilut. 

Vol. 

Sample (2.2x) 

Vol.  

Dilut. 

(2.2x) 

  

Neat 25 0 55 0 
  

1:4 6.25 18.75 13.75 30.25 
  

1:10 2.5 22.5 5.5 49.5 
  

 

Run and analyze tester samples following protocol below.  

Identified Tester Samples:  

WT D0, D5, male and female.  

23JB179 (female D5) 

23JBx03 (male D5) 

22JB51 (male D0) 

22JB54 (female D0) 

Based on this experiment, we decided to do a 1:4 dilution for all samples. 
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Sample prep and dilutions for main exp: 

1. Prepare samples as shown above in section 2.1 

2. Prepare each sample with a dilution as shown below 

Note: 1 extra well 

 
Vol. 

Sample 

Vol.  

Dilut. 

Vol. 

Sample (3x) 

Vol.  

Dilut. 

(3x) 

  

1:4 6.25 18.75 18.75 56.25 
  

 

Prepare antigen standard: 

Notes:  

1. Change pipet tips between each dilution step and avoid air bubbles 

2. Check each step as performed  

3. Avoid loss of beads by securing plate (by hand) on both sides of hanheld magnetic plate 

washer during procedure 

1. This protocol was developed using Hand-Held Magnetic Plate Washer EXP-

55555-000.  

4. Centrifuge each different standard mix stock vial at 2,000 / g for 10 seconds.  

5. Add 62.5 uL of diluent (1x PBS buffer with protease inhibitors) to each stock vial (4 

standards, IFN-β, Standard Mix A, 1B, 1C).  

6. Vortex the vials at high speed for 30 seconds and centrifuge at 2,000 x g for 10 seconds to 

collect contents at bottom of vial 
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3. Incubate on ice for 10 minutes to ensure complete reconstitution  

7. Pool entire content of each stock into 1 of the vials (should be 250 uL final.)  

8. Prepare 4-fold serial dilutions of standards: 

9. Note: Use forward pipetting techniques, and swap pipette tips between dilutions 

10. Label tubes in an 8-Tube Strip: Std1, Std 2, Std3, Std 4, Std 5, Std6 and Std7 

11. Add 200 uL of reconstituted standard mix to Std1 tube 

12. Add 150 uL of diluent (1X PBS buffer + inhibitors) into Std2-7 tubes  

13. Transfer 50 uL of mixed standards from Std1 to Std 2 tube. 

14. Mix by pipetting 10 times  

15. Transfer 50 uL of standard mixes from Std2 tube to Std3 tube using new pipette tip. 

16. Mix by pipetting up and down 10 times.  

17. Repeat 4-7 for tubes Std4-Std7, changing pipette tips between dilution steps  

18. Add 150 uL of diluent to last tube of 8-tube strip to serve as background 

19. Keep tubes on ice until ready to use  

20. Standards cannot be stored, use fresh and use immediately 

21. Assay protocol:  

22. Add capture bead mix to plate 

23. Vortex the 1x Capture Bead Mix Vial for 30 seconds at high speed 

24. Follow-up with sonication, then vortex again for 30 seconds 

25. Transfer contents off Capture Bead mix Vial to a small-volume trough  

26. Using a multichannel pipette, add 40 uL of Capture Bead Mix to each well of the plate  

27. Wash beads using a Hand-Held Magnetic Plate Washer  
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28. Place plate on plate washer and wait 2 minutes to allow beads to settle on bottom of each 

well 

29. Remove liquid by quickly inverting washer/plate assembly over sink or waste container  

30. Maneuver plate exactly like this: hold straight-up, U-Turn, straight down. FIRMLY HOLD 

MAGNET TO PLATE DURING THIS PROCESS.  

31. Gently blot the inverted washer/plate assembly onto several layers of paper towels or 

absorbent surface to remove any residual liquid 

32. Use fresh paper towel space for every touch, and note that any contact with sample material 

should be bleached before disposal in biohazard waste  

33. Remove magnet and add 150 uL of 1X wash buffer into each well and wait 30 seconds 

34. Re-apply magnet, wait 2 minutes. Then, remove the liquid by quickly inverting the 

washer/plate assembly over a sink or waste container  

35. Gently blot the inverted washer/plate assembly onto several layers of paper towels or 

absorbent surface to remove any residual liquid  

36. Remove plate from magnet and proceed to step 3 

37. Add samples and standards to the plate (see Table 1)  

38. Add 25 uL of 1X PBS + inhibitors to each well followed by 25 uL of prepared standards or 

samples as defined by plate layout. Add additional 25 uL of 1X PBS + Inhibitors (or 

whatever the wash buffer is) to wells designated as backgrounds. (50 uL final volume per 

well).  

39. Seal the plate using a provided Plate Seal and cover with provided Microplate Lid. Shake 96 

well plate for 30 min at 600 rpm RT, then transfer to 4* on level surface for overnight 

incubation  
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40. Remove and discard Plate Seal in biohazard waste. Wash the plate following steps below: 

41. Add 100 uL wash buffer to each well 

42. Place the plate on magnetic plate washer and wait 2 minutes to allow particles to settle on 

bottom of each well  

43. Remove liquid by quickly inverting washer/plate assembly over a sink or waste container 

(or aspirate) 

44. Gently blot the inverted washer/plate assembly onto several layers of paper towels or 

absorbent surface to remove any residual liquid (Disregard step if you aspirated instead)  

45. Remove magnet and add 150 uL of 1X wash buffer into each well and wait 30 seconds 

46. Remove liquid by quickly inverting the washer/plate assembly over a sink or waste 

container (Or aspirated) 

47. Gently blot the inverted washer/plate assembly onto several layers of paper towels or 

absorbent surface to remove liquid (same as 4d) 

48. Repeat 4d-f once for a total of 3 washes.  

49. Remove plate from magnet and proceed to next step 

50. Add Biotinylated detection antibody mix to plate 

51. Using multichannel pipette, add 25uL of detection antibody solution to each well of the 

plate. Gently tap the plate to evenly distribute solution in the well 

52. Note: Use a narrow trough to prevent volume loss 

53. Hold pipette completely vertical to prevent cross-contamination  

54. Seal the plate using a new plate seal and cover with the provided microplate lid. Shake at 

600 rpm for 1H at room temperature.  
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55. Wash the plate following step 4.  

56. Add streptavidin-PE (SA-PE) to the plate.  

57. Add 50 uL of SA-PE solution to each well 

58. Seal the plate using new Plate Seal and cover with the provided Microplate lid. SHake at 

600 rpm for 30 minutes at room temperature.  

59. Wash the plate following step 4.  

60. Prepare the plate for analysis on a xMAP instrument.  

61. Add 120 uL of 1X wash buffer into each well 

62. Seal the plate using new Plate Seal and cover with the provided Microplate Lid. Shake at 

600 rpm for 5 minutes at room temperature  

63. Remove the Plate Seal and run on MagPix instrument for downstream analysis  
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