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Abstract 

Several clinical and epidemiological studies have provided evidence supporting that 

hepatic inflammation and tissue damage is the critical cause of liver disease directing the 

development of liver cirrhosis and hepatocellular carcinoma (HCC). Hence, liver disease 

corresponds to a major healthcare issue, capable of debilitating many patients worldwide and 

overall, associated with high morbidity and mortality rate. Improved understanding of immune-

mediated liver injury may assist the development of therapeutic approaches to this widespread 

clinical problem.  

Operating at the interface of gastrointestinal and systemic blood circulation, the liver is the 

recipient of a multitude of metabolic, immune and microbial products which must be appropriately 

handled to maintain tissue homeostasis. Unlike the majority of secondary immune organs, the liver 

is typified by an over-representation of cellular components of the innate immunity such as 

Kupffer, dendritic, natural killer (NK) and NKT cells endowed with antigen recognition and 

regulation of immunogenic versus tolerogenic functions. Disruption of immunological balance as 

a result of viral infection, autoimmune reactions, excess alcohol consumption or metabolic disease 

leads to exaggerated and uncontrolled inflammation, hepatocyte death and, eventually, permanent 

loss of organ function. Irrespective of the cause, liver injury seems to be facilitated by immune 

effector mechanisms that are common to various liver diseases.  

Emerging evidence underscores an instrumental role for NKT cells in orchestrating 

immune homeostasis and disease pathogenesis in the liver. NKT cells are a heterogeneous group 

of nonconventional T lymphocytes which are found with highest frequency in the liver. Studies 

using a mouse model of fulminant hepatitis induced by concanavalin A (ConA) have revealed a 

major pathogenic role for iNKT cells in liver injury. Upon activation iNKT cells produce copious 

amounts of immunoregulatory molecules, including the TH1 cytokine interferon-γ (IFN-γ) and the 

TH2 cytokine interleukin-4 (IL-4) which endow them with the capacity to bridge innate and 
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adaptive responses, direct the licensing of other immune cell types and thus orchestrate 

inflammatory immune reactions in the liver. Remarkably, the intracellular signaling pathways that 

mediate the pathogenic functions of iNKT cells remain poorly defined. In this regard, we reasoned 

that TPL2 (tumor progression locus 2; also known as COT or MAP3K8), a serine-threonine MAP3 

kinase mitogen activated protein kinase, could participate in signaling pathways in iNKT cells. 

TPL2 plays an obligatory role in signal transduction on the MEK/ERK axis downstream of 

receptors involved in innate and adaptive immunity, including Toll-like receptors, the tumor 

necrosis factor (TNF) receptor, interleukin-1beta (IL-1β), CD40 and G-protein–coupled receptors 

(GPCRs).  

The aim of this PhD thesis was to characterize in vivo the functional role of TPL2 kinase 

in immune-mediated liver injury and hepatocellular carcinoma. 

In Chapter I, we present experimental evidence demonstrating that TPL2 is a crucial 

signaling factor in iNKT cells and powerful mediator of hepatic inflammation. We show that 

genetic ablation of TPL2 in the mouse ameliorates liver injury induced by Concanavalin A and 

impinges on hallmarks of iNKT cell activation, including production of the effector cytokines IL-

4 and IFN-γ, accumulation of neutrophils and licensing and activation of other immune cell types 

in the liver. The pivotal role of TPL2 in iNKT cell functions is endorsed by adoptive transfer 

experiments and studies using the iNKT-specific ligand alpha-galactosylceramide which causes 

mild hepatitis in the mouse in a TPL2-dependent manner. A TPL2 kinase inhibitor mirrors the 

effects of genetic ablation of TPL2 in vivo and reveals ERK and Akt as the TPL2-regulated 

signaling pathways responsible for IL-4 and IFN-γ expression through the activation of the 

transcription factors JunB and NFAT. Overall, data presented in this thesis uncover a novel 

function of TPL2 as a key mediator of iNKT signal transduction during immune-mediated liver 

injury. Congruent with this regulatory link, TPL2 is shown to confer pathogenic effects in mouse 

models of immune-mediated hepatitis. Further understanding of the cellular and molecular 
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processes involved in the development of autoimmune liver diseases may open new avenues for 

the development of more effective therapies for patients who suffer from inflammatory liver 

disease. These findings provide new insight into the intracellular pathways that mediate the 

pathogenic effects of iNKT cells and highlight TPL2 as a promising target suggesting that its 

modulation has the potential to minimize the severity of inflammatory liver diseases.   

In Chapter II, we study the role of TPL2 kinase in HCC. For this purpose, we have used a 

model of chemical carcinogen induced-HCC in wild type and in tpl2-/- mice to investigate the 

impact of TPL2 kinase and its possible contribution in inflammatory mechanisms during 

development of hepatocellular carcinoma. The results showed that TPL2 does not have a 

significant role in HCC development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Περίληψη 

Kλινικές και επιδημιολογικές μελέτες παρέχουν στοιχεία που υποστηρίζουν ότι η 

φλεγμονή και η επαγόμενη βλάβη του ήπατος αποτελούν την κύρια αιτία για την ανάπτυξη της 

ηπατικής νόσου καταλήγοντας στην εμφάνιση κίρρωσης του ήπατος και ηπατοκυτταρικού 

καρκινώματος (HCC). Ως εκ τούτου, η νόσος του ήπατος συνιστά παγκοσμίως ένα μείζον 

πρόβλημα υγείας καθώς καταβάλει πολλούς ασθενείς  και συνολικά συσχετίζεται με υψηλά 

ποσοστά νοσηρότητας και θνησιμότητας. Η βαθύτερη κατανόηση των μηχανισμών του 

ανοσοποιητικού συστήματος που μεσολαβούν για την πρόκληση ηπατικής βλάβης θα συμβάλλει 

σημαντικά  στην ανάπτυξη νέων θεραπευτικών προσεγγίσεων σε αυτό το διαδεδομένο κλινικό 

ζήτημα.  

Το ήπαρ, λειτουργώντας ως ένα ζωτικό όργανο με κομβική θέση μεταξύ του 

γαστρεντερικού συστήματος και της συστηματικής κυκλοφορίας του αίματος είναι ο αποδέκτης 

πληθώρας μεταβολικών, ανοσολογικών και μικροβιακών προϊόντων τα οποία πρέπει να 

διαχειρίζεται κατάλληλα για την διατήρηση της ομοιόστασης του οργανισμού. Σε αντίθεση με την 

πλειοψηφία των δευτερογενών ανοσοποιητικών οργάνων, το ήπαρ χαρακτηρίζεται από την 

παρουσία διαφόρων κυτταρικών τύπων της φυσικής ανοσίας όπως κύτταρα Kupffer,  δενδριτικά, 

φυσικούς φονιάδες (NK), φυσικούς φονιάδες T (NKT) τα οποία έχουν κατεξοχήν περιγραφεί για 

τον εδραιωμένο ρόλο τους τόσο στην αναγνώριση αντιγόνου όσο και στις λειτουργίες ρύθμισης 

των μηχανισμών ανοσοποίησης έναντι των μηχανισμών ανοχής. Η διακοπή της ανοσολογικής 

ισορροπίας εξαιτίας ιογενούς λοίμωξης, αυτοάνοσων αντιδράσεων, υπερβολικής κατανάλωσης 

αλκοόλ ή μεταβολικών διαταραχών οδηγεί σε εκτεταμένη και ανεξέλεγκτη φλεγμονή, θάνατο των 

ηπατοκυττάρων και τελικά σε μόνιμη απώλεια της λειτουργίας του ήπατος. Οι μηχανισμοί του 

ανοσοποιητικού συστήματος που μεσολαβούν για την πρόκληση ηπατικής βλάβης φαίνεται να 

είναι κοινοί σε αρκετές ασθένειες του ήπατος, ανεξάρτητα από την αιτία. Πρόσφατες μελέτες 
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αναδεικνύουν τον κεντρικό ρόλο των ΝΚΤ κυττάρων υπογραμμίζοντας την σημασία τους στην 

ενορχήστρωση της ανοσολογικής ομοιόστασης και στην παθογένεια νόσων του ήπατος.  

Τα ΝΚΤ κύτταρα αποτελούν μια ετερογενή ομάδα μη συμβατικών Τ λεμφοκυττάρων και 

συναντώνται σε υψηλή συχνότητα στο ήπαρ. Ο παθογόνος ρόλος των iΝΚΤ κυττάρων έχει 

αποκαλυφθεί από μελέτες μοντέλου ποντικού της κεραυνοβόλου ηπατίτιδας που προκαλείται από 

χορήγηση κονκαναβαλίνης Α (ConA). Επιπρόσθετες μελέτες έχουν δείξει ότι μετά την 

ενεργοποίηση τους, τα iNKT κύτταρα παράγουν άφθονες ποσότητες ανοσορυθμιστικών μορίων 

συμπεριλαμβανομένου της TH1 κυτταροκίνης, ιντερφερόνης-γ (IFN-γ) και της TH2 κυτταροκίνης 

ιντερλευκίνης-4 (IL-4) οι οποίες τους προσδίδουν την ικανότητα να γεφυρώσουν τις αποκρίσεις 

μεταξύ φυσικής και επίκτητης ανοσίας κατευθύνοντας έτσι την ενεργοποίηση άλλων κυτταρικών 

τύπων του ανοσοποιητικού συστήματος και  κατά συνέπεια ενορχηστρώνουν τις φλεγμονώδεις 

ανοσολογικές αντιδράσεις στο ήπαρ. Είναι δε αξιοσημείωτο ότι τα ενδοκυτταρικά σηματοδοτικά 

μονοπάτια που μεσολαβούν για τις παθογόνες διεργασίες των iNKT κυττάρων παραμένουν σε 

μεγάλο βαθμό, απροσδιόριστα. Στην κατεύθυνση αυτή, η μελέτη της κινάσης TPL2 (tumor 

progression locus 2, γνωστή και ως COT ή MAP3K8) η οποία συνιστά μια MAP3K κινάση 

σερίνης/ θρεονίνης που ενεργοποιείται από μιτογόνα, φαίνεται να είναι πολλά υποσχόμενη καθώς 

συμμετέχει σε σημαντικά σηματοδοτικά μονοπάτια. Η πρωτεΐνη TPL2 χαρακτηρίζεται για τον 

εδραιωμένο ρόλο στην μεταγωγή σημάτων στον άξονα MEK/ERK καθοδικά των υποδοχέων που 

εμπλέκονται στη φυσική και επίκτητη ανοσία συμπεριλαμβανομένων των υποδοχέων Toll-like, 

την οικογένεια των υποδοχέων του παράγοντα νέκρωσης όγκου (TNF), την ιντερλευκίνη-1β (IL-

1β) και των υποδοχέων συζευγμένων με G-πρωτεΐνες (GPCRs).  

Ο σκοπός της συγκεκριμένης διδακτορικής διατριβής είναι ο in vivo χαρακτηρισμός  του 

λειτουργικού ρόλου της κινάσης TPL2  σε μοντέλα ανοσο-μεσολαβούμενης ηπατικής βλάβης και 

ηπατοκυτταρικού καρκινώματος. 
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Στο πρώτο μέρος της διατριβής, παρουσιάζω  πειραματικά δεδομένα τα οποία 

αποδεικνύουν ότι η κινάση TPL2 παίζει σημαντικό ρόλο ως κρίσιμος διαμεσολαβητής της 

μεταγωγής σημάτων των iNKT κυττάρων και ταυτόχρονα ένας κρίσιμος παθογενετικός 

παράγοντας που μεσολαβεί για την φλεγμονή του ήπατος.  Η γονιδιακή απαλοιφή της κινάσης 

TPL2 στο ποντίκι βελτιώνει την ηπατική βλάβη που επάγεται από την χορήγηση κονκαναβαλίνης 

Α (ConA)  και επηρεάζει χαρακτηριστικά γνωρίσματα της ενεργοποίησης των iNKT κυττάρων, 

που περιλαμβάνουν την παραγωγή των ρυθμιστικών κυτταροκινών IL-4 και ΙFN-γ και τη 

συσσώρευση ουδετερόφιλων επιτρέποντας την περαιτέρω ενεργοποίηση άλλων τύπων 

ανοσοποιητικών κυττάρων στο ήπαρ. Ο σημαντικός ρόλος της TPL2 αναφορικά με τις λειτουργίες 

των iNKT κυττάρων ενισχύεται από  πειράματα παθητικής μεταφοράς που διενεργήθηκαν καθώς 

και από μελέτες με χρήση του αGalCer. Το αGalCer είναι ένα γλυκολιπίδιο που αποτελεί τον 

ειδικό ενεργοποιητή των iNKT κυττάρων προκαλώντας ήπια ηπατίτιδα στο ποντίκι κατά τρόπο, 

όπως δείχθηκε, εξαρτώμενο από την κινάση TPL2. Η χρήση του εκλεκτικού αναστολέα της 

καταλυτικής ενεργότητας της TPL2 in vivo επαληθεύει με τον ίδιο τρόπο την επίδραση της 

γονιδιακής απολοιφής της TPL2 και ταυτόχρονα αποκαλύπτει ότι η κινάση αυτή είναι 

απαραίτητος διαμεσολαβητής και ρυθμιστής των σηματοδοτικών μονοπατιών ενεργοποίησης των 

πρωτεϊνών ERK και Akt που οδηγούν στην έκφραση των ρυθμιστικών κυτταροκίνων IL-4 και 

IFN-γ, μέσω της ενεργοποίησης των μεταγραφικών παραγόντων JunB και NFAT.  

Συνολικά, τα δεδομένα που παρουσιάζονται στο συγκεκριμένο μέρος της διατριβής 

αποκαλύπτουν τον καινοτόμο ρόλο της κινάσης TPL2 ως κυρίου διαμεσολαβητή της μεταγωγής 

σημάτων των iNKT κυττάρων. Επιπρόσθετα και σε συμφωνία με τα δεδομένα αυτά, 

αποδεικνύεται ότι η κινάση TPL2 έχει παθογόνες επιδράσεις στα πειραματικά μοντέλα 

ανοσομεσολαβούμενης ηπατίτιδας που μελετήθηκαν. Περαιτέρω κατανόηση των κυτταρικών και 

μοριακών διαδικασιών που εμπλέκονται στην ανάπτυξη των αυτοάνοσων παθήσεων του ήπατος 

δύναται να ανοίξoυν νέες προοπτικές για την ανάπτυξη πιο αποτελεσματικών θεραπειών σε 
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ασθενείς που πάσχουν από φλεγμονώδεις νόσους του ήπατος. Τα νέα ευρήματα που 

παρουσιάζονται στην παρούσα εργασία συμβάλλουν και στην κατανόηση των ενδοκυττάριων 

μονοπατιών που μεσολαβούν για τις παθογόνες επιδράσεις των iΝΚΤ κυττάρων με την σημαντική 

συμβολή της κινάσης TPL2. Τα αποτελέσματα αυτά αναδεικνύουν τη TPL2 ως ένα πολλά 

υποσχόμενο στόχο για την ανάπτυξη θεραπειών που θα βελτιώνουν τις φλεγμονώδους παθήσεις 

του ήπατος. 

Στόχος του δεύτερου μέρους της διατριβής ήταν η μελέτη του ρόλου της TPL2 στο 

ηπατοκυτταρικό καρκίνωμα (HCC). Για το σκοπό αυτό, χρησιμοποιήσαμε ένα ζωϊκό μοντέλο 

HCC που επάγεται μετά από χορήγηση της καρκινογόνου ουσίας DEN  σε ποντίκια αγρίου τύπου 

και tpl2-/- προκειμένου να διερευνηθεί η επίδραση της κινάσης TPL2 και η πιθανή συμβολή της 

στην ανάπτυξη του ηπατοκυτταρικού καρκινώματος. Ωστόσο, τα αποτελέσματα  μας έδειξαν ότι 

η απαλοιφή της TPL2 στο ποντίκι δεν οδήγησε σε σημαντικές μεταβολές στον αριθμό και το 

μέγεθος των όγκων σε σχέση με πειραματόζωα που φέρουν ακέραιη έκφραση της κινάσης αυτής, 

υποδεικνύοντας ότι η TPL2 δεν παίζει σημαντικό ρόλο σε αυτό το μοντέλο HCC . 
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1.1. Inflammation and Cancer 

 

Numerous epidemiological studies reveal that approximately 15% of all malignancies can 

be attributed to sustained infections of viral or bacterial etiology that escape clearance by the 

immune system and establish a chronic state of inflammatory imbalance (1). A list of paradigms 

below, support the functional link between chronic inflammation and cancer. In detail, the gram-

negative bacterium Helicobacter pylori is well known to be associated with the development of 

chronic gastritis in infected hosts and is the major etiological factor in gastric adenocarcinoma, the 

second most common type of cancer worldwide (2). Infection with hepatitis B (HBV) or hepatitis 

C (HCV) virus can alter hepatocyte physiology and is linked to chronic hepatitis which accounts 

for more than 80% of cases of hepatocellular carcinoma (HCC), the third leading cause of cancer-

related deaths in the world. Other chronic liver inflammatory conditions, of xenobiotic, 

autoimmune or metabolic etiology, account for the remaining 20% of HCC (3). In addition, 

approximately 5% of all colorectal cancers develop in patients with inflammatory bowel disease, 

particularly ulcerative colitis, which is attributed to a combination of genetic pre-disposition 

factors and commensal bacteria in the gut (4). However, chronic inflammation is likely to have a 

much broader role in the pathogenesis of cancer. Indeed, accumulating experimental and clinical 

data suggests that persistent inflammation triggered by chronic exposure to toxic agents and 

irritants or autoimmune reactions may contribute to the initiation, progression and metastasis of 

diverse types of human cancer. In support of these epidemiological correlations, clinical evidence 

for a causative link between chronic inflammation and cancer comes from studies demonstrating 

that long-term use of nonsteroidal anti-inflammatory drugs (NSAIDs) reduces colon and gastric 

cancer risk among patients with ulcerative colitis and gastritis, respectively (5). Importantly, many 

other types of human cancer, such as breast, ovarian and prostate, are also characterized by 

inflammatory infiltrates in the absence of clinically evident inflammation suggesting that 

‘polarized’ and often subclinical inflammation is a hallmark of malignancy (1, 6). Nevertheless, 
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the causal relationship between inflammation, innate immunity and cancer has been recognized 

for many years, many of the molecular and cellular mechanisms mediating this relationship remain 

unresolved. Therefore, emerges the scientific challenge to achieve and translate the knowledge of 

the cellular components and molecular pathways regulating inflammation and cancer into new 

diagnostic and therapeutic strategies which will be used for the detection, prevention and improved 

management of several types of human cancer. 

 

 

Liver 

Liver is an organ widely recognized for its a major role in metabolism as it integrates 

various metabolic processes, including regulation of glycogen storage, detoxification, synthesis of 

blood clotting factors, hormone production, decomposition of red blood cells, cholesterol 

synthesis. Nevertheless, a plethora of studies have provided several insights into a paradoxical 

nature of liver besides its significant metabolic function. Liver is constantly exposed to a plurality 

of invading pathogens due to its special anatomical location and blood supply as it occupies a 

watershed position between the gastrointestinal and the systemic venous circulation (Fig. 1.1) (7).  

                                  

Figure 1.1. A schematic illustration of structural organization of the liver. The anatomical 

location of the liver has profound implications for its immune function (adopted from 

www.3bscientific.com) 

https://en.wikipedia.org/wiki/Metabolism
https://en.wikipedia.org/wiki/Glycogen
https://en.wikipedia.org/wiki/Hormone
https://en.wikipedia.org/wiki/Red_blood_cell
http://www.3bscientific.com/
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The liver is formed by parenchymal cells and nonparenchymal cells. Hepatocytes are the 

primary liver parenchymal cells whereas the walls of hepatic sinusoids are lined by three different 

nonparenchymal cells: liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), and hepatic 

stellate cells (HSCs). In order to face numerous diverse immunological challenges, liver is also 

endowed with a unique defence system based on intrahepatic lymphocytes and their mechanisms 

for rapid immune responses (8). These resident immune cells include conventional and 

unconventional lymphocyte subpopulations of the innate (NKT and NK cells) and adaptive 

immunity (T and B cells), respectively as well as resident antigen-presenting cells consisting of 

dendritic cells (DC) and as already mentioned by LSECs and KCs (9-12).  

                   

Figure 1.2. Liver cell composition in healthy state. Numbers indicate the estimated frequency 

of each population relative to the total number of parenchymal and nonparenchymal cells in the 

liver. Adopted from (7). 

 

 

Therefore, any pathologic stimulus for the liver will immediately activate monocytes, NK 

cells, NKT cells or T cells, which interact with hepatic endothelial cells, Kupffer cells, hepatocytes 

and DCs and will also trigger the recruitment of polymorphonuclear cells and complement 

components for an acute inflammatory response (13, 14). On account of the high proportion of 

immune cells and the rapid defence system in the liver many studies have referred to liver as a 
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“lymphoid organ” with immunological properties, emerging a new scientific field of combined 

hepatology and immunology (7, 15).                            

         

Figure 1.3. Mechanisms of innate and adaptive immunity in maintenance of liver 

homeostasis and tolerance. a) Expression of tolerogenic factors such as PD-L1, IL-10 and PGE2 

by Kupffer cells and DCs induces endotoxin tolerance, whereas innate lymphocytes (NK and NKT 

cells) are either suppressed or express cytokines with immunoregulatory properties. (b) Interaction 

with lymphocytes of adaptive immunity results in induction of tolerogenic T-cell responses or 

deletion of autoreactive T cells. Adopted from (9).   
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As the liver is exposed to circulating antigens and endotoxins from the gut microbiota, 

there are mechanisms ensure suppression of innate and adaptive immune responses, resulting in 

tolerance and tissue homeostasis (Fig.1.3). In case of underlying liver disease, many conserved 

mechanisms including molecular danger patterns, Toll-like receptor signaling or activation of 

inflammasome initiate inflammatory responses, resulting in immune-stimulatory cytokine 

secretion and chemokine-mediated hepatic infiltration of circulating leukocytes to mediate 

resolution of inflammation and liver injury (9). 

 

Immune-mediated Liver Injury  

Hepatic inflammation and tissue damage is the critical cause of liver disease driving the 

development of liver cirrhosis and hepatocellular carcinoma (16). Therefore, liver disease 

corresponds to a major healthcare issue, capable of debilitating many patients without liver 

transplantation worldwide and overall, associated with high morbidity and mortality rate (17). The 

etiologies of liver injury are of wide spectrum, including viral infection, autoimmune hepatitis, 

alcohol consumption, fatty liver disease, metabolic disorders, immunological insults and 

hepatotoxins (18, 19). Liver injury is mainly facilitated by effector mechanisms of the innate 

immune system. In acute hepatitis, innate immune responses need to be strictly controlled and 

compensated by adequate tissue repair to avoid fatal liver damage or persisting chronic 

inflammation that can end with permanent loss of organ function (16, 18). The immune effector 

responses that cause liver injury as well as the mechanisms that may protect from immune-

mediated liver injury need to be further addressed. Therefore, improved understanding of immune-

mediated liver injury may help to develop therapeutic approaches to this widespread clinical 

problem. 

In many liver diseases (such as viral hepatitis, autoimmune hepatitis and alcoholic liver 

disease), activated T lymphocytes, Natural Killer T cells, macrophages and neutrophils appear to 
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play an important role in liver damage and can either directly attack liver parenchymal cells or 

induce tissue damage by the release of several proinflammatory cytokines, such as TNF-α and 

IFN-γ. 

Concanavalin A (ConA)-induced liver injury is widely recognized as a well-established 

murine model of T cell-mediated liver injury, thus mimicking multiple molecular and cellular 

mechanisms involved in human viral and autoimmune hepatitis (20). The pathogenesis of ConA-

mediated hepatitis involves elevated levels of serum liver enzymes, an increase in the serum 

concentration of several cytokines including TNF-α, IFN-γ and IL-6, chemokines, histological 

hallmarks of hepatic lesions characterized by massive infiltration of various immune cells 

involving T cells, Natural Killer T cells, granulocytes and Kupffer cells, followed by broad 

apoptotic and necrotic areas (20). 

Figure 1.4. Scanning electron micrograph of lobular blood vessels of mouse liver showing 

attachment of blood cells to the endothelium: (a) untreated, (b) 4 h after 20 mg/kg. (c) Detail 4 h 

after 20 mg/kg Con A given intravenously, showing the interaction between an activated 

macrophage (upper cell) and a lymphocyte (lower cell). Adopted from (20). 

 

It has been shown that invariant NKT (iNKT) cells, the prototypical mouse NKT cells (also 

referred as type CD1d-restricted type I NKT cells), play a key pathogenic role in the development 

of ConA-induced liver injury as CD1d-/- and Jα18-/- mice that both lack iNKT cells are resistant 

to ConA-induced hepatitis (21, 22). The critical contribution of NKT cells in immune-mediated 

liver injury combined with the inadequately characterized intracellular signaling pathways that 
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mediate the pathogenic functions of iNKT cells makes them an attractive objective to study in the 

context of liver inflammatory diseases.  

 

Hepatocellular carcinoma 

Extensive epidemiological studies reveal that hepatocellular carcinoma (HCC), the most 

common primary neoplasm of liver, is the sixth most frequent human malignancy in developing 

countries and the third cause of cancer morbidity worldwide (23-25). The majority of HCC cases, 

develop in a background of chronic liver damage such as cirrhosis or hepatitis and are related to 

chronic infection by hepatitis B (HBV) and hepatitis C virus (HCV) (26). Exposure to aflatoxin, 

obesity, nonalcoholic fatty liver disease (NAFLD), diabetes and genetic disorders are associated 

with an increased risk of HCC. However, the principal risk factor in 80%–90% of HCC cases 

irrespective of etiology is the presence of the pre-neoplastic cirrhotic liver. 

 

 

Figure 1.5. Pathogenesis of liver failure. See text for details. Adopted from (19). 
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Hepatocarcinogenesis is a multistep process involving different genomic alterations that 

eventually lead to malignant transformation of the hepatocyte. Accordingly, as the liver filters and 

detoxifies environmental toxins and is constantly exposed to harmful chemicals whose metabolites 

can cause DNA damage and mutagenesis, leading to oncogenic initiation.  Indeed, a whole-exome 

sequencing analysis of human HCC tumors revealed up to 121 mutational events per genome, 

indicating that carcinogenesis from exposure to genotoxic agents contributes to human HCC 

induction (27). Several studies point out the significant contribution of the microenvironment in 

the pathogenesis of hepatocellular carcinoma, where pro-inflammatory cytokine and chemokines 

favors malignant transformation of hepatocytes through interactions of numerous inflammatory 

cascades and signaling pathways that progressively stimulate uncontrolled hepatocyte 

proliferation and apoptosis (28). For instance, leukocytes found within the HCC microenvironment 

are implicators of tumor growth (29). However, mechanistic links between inflammatory 

mediators and carcinogenesis need further investigation. Several rodent models have been used in 

defining the pathogenesis of HCC and have contributed to the current knowledge of HCC. N-

nitrosodiethylamine (DEN) is a genotoxic compound established as hepatocarcinogenic agent  by 

inducing hepatocyte DNA damage and apoptosis, leading to compensatory proliferation of 

hepatocytes, some of which may have suffered mutations and are thus susceptible to neoplastic 

transformation (30, 31). Extensive studies aiming to understand the epidemiologic factors and 

cellular and molecular mechanisms driving the progression of inflammatory liver diseases HCC 

could ultimately improve our current concepts for prevention, screening and treatment of this 

disease. 
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1.2. NKT cells 

Overview of the broader NKT cell family 

 Over the past three decades, scientific research in many laboratories contributed into the 

discovery and definition of Natural Killer (NKT) T cells. These reports originally described the 

existence of a unique and heterogeneous subpopulation of T cells in mice co-expressing 

intermediate levels of αβ-TCR in association with CD3 complex and NK cell markers such as 

NK1.1 (Nkrp1c) or CD161+/CD56+ in humans (32-35). These NK1.1+ T cells included two 

subsets:  CD4+ T cells and double-negative (DN) αβ-TCR lymphocytes but lack CD8+ NKT cells 

which are found in humans and are functionally characterized by their profound 

immunomodulatory potential owing to their dual production of both TH1 (IFN-γ) and TH2 (IL-4) 

cytokines rapidly after their activation. The unique character of NK1.1+αβ-TCR+ cells was further 

highlighted by the fact that their development was independent of MHC class I or II expression, 

but required β2-microglobulin (β2m), although they did not express CD8 but instead they are 

reactive to the MHC class-I-like molecule CD1d (Fig.1.5) (36). CD1d is a transmembrane protein 

that, like MHC class I, binds non-covalently to β2‑microglobulin. 

            

Figure 1.6. Antigen recognition by (a) CD4+ T, (b) CD8+ T and (c) iNKT cells. The X represents 

variable T cell receptor chain. Adopted from (37) 

 

In addition, most NK1.1+ T cells use an invariant TCR α-chain that is composed of Va14-

Ja18 in mice and Va24-Ja18 in humans (38) and a very limited set of TCR-b chain biased towards 
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Vβ8.2, Vβ2 and Vβ7 in mice and Vb11 in humans. The invariant TCR-α chain and the MHC-I-

like molecule CD1d found to be essential for the normal development of NKT cells (36, 38).   

                                   

Figure 1.7. Schematic illustration of the formation of the TCR diversity by V(D)J gene 

rearrangement. (A) Creation of the TCR α-chain. The variable domain (V domain) of the TCR 

α-chain results from the genetic rearrangement of one Vα gene with one Jα gene. The V domain 

is comprised by three complementarity determining regions (CDR) involved in the direct binding 

with the antigen have been defined In the case of human iNKT cells, the TCR α-chain is invariant, 

always resulting from the rearrangement of Vα24 in humans and Vα14 in mice, to Jα18 gene 

segment. (B) Creation of the TCR β-chain. The V domain of the TCR β-chain results from the 

genetic rearrangement of one Vβ gene with one D and one Jβ gene. (Vβ11 in humans and Vβ8, 

Vβ7, Vβ2 in mice). Adopted from (39). 

 

 

For many years the term “NKT” cells referred to these cells in all species they have been 

characterized including mice, rats, humans and other primates. However, it soon became apparent 

that the term “NKT cells” is rather a poor definition of this broad immune cell population as the 

expression of NK cell markers differ depending on the developmental and activation state of NKT 

cells and some NKT cell subsets entirely lack the expression of NK1.1. For instance, NKT cells 

from C57BL/6 mice express NK1.1 whereas BALB/c, CBA and Non-Obese Diabetic (NOD) mice 

do not (40). As the field of NKT-cell research expands with the existence of NKT subsets and 

other types of T cell that resemble NKT cells, Godfrey et al, suggested a simplified classification 
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of distinct NKT cells relied on their developmental characteristics and function. NKT cells were 

assigned to Type I (invariant, classical, CD1d-dependent), Type II (non-invariant, non-classical, 

CD1d-dependent) and NKT-like (CD1d-independent) cells. So far, Type I (or invariant) NKT 

cells constitute the first and more characterized subset, and as mentioned above, use an invariant 

receptor. In addition, there are CD1d-restricted NKT cells that use a more varied TCR repertoire, 

including non-invariant or type II NKT cells, Vα24- and Vα10+ NKT cells in mice and humans, 

respectively. In the broad category of NKT-like cells are included several other T-cell subsets 

expressing an invariant or semi-variant TCR and NK cell markers such as NK1.1. Examples are  

Mucosal-associated invariant T (MAIT) cells that express the canonical Vα19-Jα33 (Vα7.2-Jα33 

in humans), restricted to MHC-I like molecule MR1 and localized to gut mucosa (41) as well as 

several subsets of T cells expressing canonical γδ or δ/αβ TCRs and occasionally NK1.1 marker 

(42).  

In 1994, the pharmaceutical company Kirin discovered a compound named a-

Galactosyceramide (a-GalCer) which is a synthetic glycolipid derived from the marine sponge 

Agelas Mauritianus (43). In 1997 Kawano et al, demonstrated evidence suggesting this synthetic 

glycolipid as the most efficient compound for selective stimulation of iNKT cells (44). αGalCer 

binds effectively to CD1d molecule, and the complex of glycolipid plus CD1d is recognized by  

iNKT-cell TCR leading to activation of these cells in both mice and humans (45). In particular, the 

lipid portion of αGalCer interacts with the hydrophobic antigen-binding groove of CD1d, and the 

carbohydrate portion is accessible for interaction with the invariant natural killer T (iNKT)-cell T-

cell receptor. The discovery of αGalCer also provided an important tool in tracking iNKT cells as 

αGalCer loaded with fluorochrome-conjugated tetramers of CD1d molecule (a-GalCer loaded 

CD1d tetramers) can stain both mice and human iNKT cells with very high sensitivity and 

specificity (46, 47). The invention of αGalCer as a potent NKT cell agonist, amplified the study 

of iNKT-cell biology and pathology and has been extensively used in different settings. Several 
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research groups utilized αGalCer stimulation, in an attempt to enhance the regulatory potential of 

iNKT cells as other glycolipid derived molecules that were under investigation in the context of 

NKT cell stimulatory capacity. Indeed, the research for physiologically relevant lipids from 

pathogens or self-lipids recognized by iNKT cells resulted in the identification of endogenous and 

microbial lipid ligands. For instance OCH is a synthetic αGalCer derivative that has a truncated 

sphingosine chain and induces TH2-like responses (48).  Other endogenous mammalian lipids 

discovered to have iNKT cell stimulatory capacity, include isoglobotrihexosylceramide (iGB3) 

(49), glucosylceramide (50), lysophosphatidylcholine (51) and ether-bonded phospholipids 

derived from peroxisomes (52). Lipids derived from Aspergillus fumigatus can also activate iNKT 

cells, which has been related to the development of respiratory disease (53). Several bacterial lipids 

recognized by iNKT cells have also been identified like α-glucosyldiacyglycerol (αGlcDAG) from 

Streptococcus pneumonia, α-galactosyldiacylglycerol (αGalDAG) derived from Borrelia 

burgdorferi (54), GSL1 derived from Sphingomonas species (55). To date, αGalCer remains the 

most potent NKT cell agonist with the endogenous and microbial antigens considered as weaker 

activators of iNKT cells.  

Regarding the CD1d-restricted T cell population that do not express the Vα14-Jα18 

rearrangement and exhibits a more heterogeneous TCR repertoire, known as type II NKT cells, 

there are no direct and specific tools to identify the entire type II NKT cell population in vivo. 

However, the discovery of sulfatide as the prototypical type II NKT cell ligand led to the 

generation of sulfatide-loaded CD1d tetramers and revealed an oligoclonal TCR repertoire among 

sulfatide-specific type II NKT cells with predominant use of Vα3/Vα1-Jα7/Jα9 and Vβ8.1/Vβ3.1-

Jβ2.7 genes (56). Thus, type II NKT cells can be distinguished from type I NKT cells by their use 

of more diverse TCRs and their distinct antigen specificities. In addition, several studies suggest 

that type II NKT cells are phenotypically and functionally distinct from type I NKT cells. As an 
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example, complementary to the diverse type II NKT-TCR, is that most of the T cells stained with 

sulfatide/CD1d tetramers in C57BL/6 mice do not express the early activation marker CD69 (57). 

  As in the present study we have focused on type I NKT cell population, in the following 

sections we will further discuss our current understanding regarding to their development, the 

mechanisms and effector functions of their activation that underlie their role in the context of liver 

autoimmune diseases and cancer. 

 

iNKT cell development 

Invariant natural killer T (iNKT) cells develop in the thymus from the common 

uncommitted precursor pool of CD4+CD8+ double-positive thymocytes as MHC-restricted T cells. 

Expression of a random TCR that binds with appropriate avidity to the complex of MHCII or 

MHCI with self-peptide on thymic epithelial cells leads to the positive selection of conventional 

CD4+ T cells or CD8+ T cells. Double-positive thymocytes, rather than thymic epithelial cells, are 

the major cell type that mediates the positive selection of iNKT cells (58). One control point that 

causes iNKT-cell lineage to branch from the conventional T cell development is CD1d-restricted 

positive selection of immature thymocytes (59). An uncommitted thymocyte precursor that 

rearranges and expresses an invariant TCR that binds to CD1d plus self-lipid or glycolipid antigen 

expressed by other CD4+CD8+ double-positive stage will be positively selected and will enter the 

iNKT-cell lineage. A second control point governs iNKT-cell maturation where the positively 

selected iNKT-cell precursors undergo a series of further differentiation steps characterized by 

phenotypic and functional changes that will ultimately end in the mature pool of iNKT cells. On 

the basis of CD24, CD44 and NK1.1 expression, four phenotypically distinct stages of the broad 

CD1d-restricted immature iNKT cells are identified and describe the development of mouse iNKT 

cells in the thymus: stage 0 (CD24+CD44−NK1.1−), stage 1 (CD24−CD44−NK1.1−), stage 2 
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(CD24−CD44+NK1.1−) and stage 3 (CD24−CD44+NK1.1+). At all stages of development, iNKT 

cells are positive for αGalCer loaded-CD1d tetramers (60, 61). During developmental stage 1, 

CD4− NKT cells can branch from CD4+ NKT cells although they possibly do so earlier. Another 

separate pathway of NKT cell development gives rise to an IL-17-producing NKT-cell subset that 

seems to be regulated by the transcription factor ROR-γt (62) but much less is known about the 

developmental sequence of these cells so far. Following stage 2, iNKT cells can emigrate from the 

thymus and progress to stage 3 in the periphery (Fig. 1.8). However, many stage 3 iNKT cells 

remain in the thymus as long-term resident population of unclear function (59, 63). As a hybrid 

lineage with features of both NK and conventional T cells, is not surprising that iNKT-cell 

development shares a range of signaling molecules and transcription factors with these immune 

cells types. The three main intrinsic signaling pathways that mediate NKT cell development 

include the T-cell receptor (TCR) signaling cascade (particularly the classical NF-κB pathway), 

the SLAM-SAP-FYN pathway and the interleukin-15 (IL-15) pathway.  However, there are unique 

signaling molecules and transcription factors in NKT-cells development that are not essential for 

conventional T and NK cells. It was recently shown that the relatively strong TCR signaling during 

iNKT cell positive selection results to enhanced and persistent expression of early growth response 

protein 1 (EGR1) and EGR2 (64). Subsequently, these molecules drive the expression of 

promyelocytic leukemia zinc finger protein (PLZF) (64), a transcription factor established as a 

‘master regulator’ for iNKT cells (65, 66).  
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Figure1.8. iNKT cell selection and development in thymus (see text for details). Adopted from (67) 

 

iNKT activation and effector functions 

 The major process of iNKT cell activation involves recognition of pathogen- or self-derived 

glycolipid antigens presented by the MHC-I like protein, CD1d, through the T cell receptor of 

iNKT (iNKT-TCR) (Fig.1.9), (44). This is a sharp difference compared to conventional T cells, 

which are activated by peptide antigens presented by major histocompatibility complex class I or 

II (68). Therefore, these iNKT cells react with aGalCer (44) or with other natural microbial and 

synthetic glycosphingolipid agonists of different potencies, and CD1d molecule, like other CD1 

family members, is evolved to present lipids to T cells. CD1d is also highly conserved among 

mammalian species with mouse and human sharing > 90% homology (68, 69) meaning that murine 

CD1d-reactive T cells can recognize human CD1d, and vice versa (70). A series of studies on the 

structural aspects of CD1d‑restricted self-lipid antigens reveal that the iNKT cell TCR uses a single 

binding strategy with variable degrees, instead of using diverse TCR binding approaches, for the 
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efficient loading of different lipid antigens. In this scenario, a stable lipid-CD1d complex and a 

particular topological orientation of CD1d or the lipid head group is a prerequisite for its efficient 

recognition by the TCR of iNKT cells followed by little necessity on antigen-presenting cell 

(APC)-derived cytokines that are generated in response to the stimulation of pattern-recognition 

receptors (PRRs) (71, 72) . New advances in cellular imaging techniques field, namely intravital 

cellular imaging contribute to unravel additional mechanisms by which NKT cells can be 

activated. Indeed, intravital microscopy revealed that NKT cell activation can also be enforced by 

the synergistic effect of inflammatory cytokines. It has been reported that in steady state levels, 

there are subsets of iNKT expressing the receptors for IL-12 (73, 74), IL-18 (75), IL-23 (76)  and 

IL-25 (77, 78)  and can be activated by these cytokines respectively. Besides, PRR-mediated 

activation of APCs results in the generation of pro-inflammatory cytokines such as interleukin‑12 

(IL‑12) which is the best-described cytokine mediator of iNKT cell activation (Fig 1.9). For the 

model of cytokine-mediated activation, a TCR signal is still obligatory in most cases and can be 

provided by a low-affinity microbial or self-lipid antigen. However, there are some bacterial and 

viral infections lead to sufficient production of IL-12 by APCs to activate iNKT cells in vivo, even 

in the absence of TCR engagement by CD1d (73, 79, 80). Thus, the functional roles of iNKT cells 

in pathological states rely on several factors, including iNKT-TCR, the inflammatory milieu, the 

lipid antigen(s) involved, the iNKT cell subset(s) involved and the APC(s) with which the iNKT 

cells interact. In any case, relative attribute of each of these parameters is likely to be context 

dependent, and defining the disease-specific balance of these factors presents a significant and 

exciting ongoing challenge. 
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Figure 1.9. Models of physiological activation of iNKT cells. At the left panel is proposed a 

model implicating an antigen signal provided by a lipid–CD1d complex and recognized by iNKT-

T cell receptor (iNKT-TCR) signal whereas at the right panel is proposed a model of a  weak TCR 

signal combined by a robust cytokine signal that depends on the constitutive expression of certain 

cytokine receptors by iNKT cells. Adopted from (81). 

 

 Of great interest is how iNKT cell activation can be translated into a wide range of effector 

functions that bridge both innate and adaptive immune responses. This relatively small cell 

population having a restricted TCR repertoire as a hallmark regulates contextually multiple 

effector functions when activated and respond with vigorous cytokine production within 1–2 hours 

of NKT-TCR ligation. These cells, in an unconventional way, release TH1-type cytokines typified 

by IFN-γ and TNF, as well as TH2-type cytokines including IL-4 and IL-13 (36, 82) and at least in 

mice, iNKT cells store or contain preformed mRNAs encoding TH1 as well as TH2 cytokines even 

before activation with exogenous antigens and quickly secrete enormous quantities for these 

cytokines following antigenic stimulation (83). Nevertheless distinct mechanisms of iNKT cell 

activation can modulate the resulting effector function. 

 iNKT can be classified into four functionally different subtypes according to the localization, 

the expression of cell surface molecules (CD4+, NK1.1+), the transcription factors, and expression 

profile of cytokine and cytokine receptors. These four major subpopulations of iNKT cells include 
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TH1-like iNKT cells, TH2-like iNKT cells, TH17-like iNKT cells and adipose iNKT cells 

(Fig.1.10), (81, 84, 85). The majority of iNKT cells in liver and spleen of mouse are TH1-like 

iNKT cells, express the transcription factor T-bet that is known as TH1 cell-associated transcription 

factor and mainly produce IFN-γ without expressing IL-17 RB (a component of the receptor for 

IL-25) whereas their development is IL-15 dependent (86). Most of IFN-γ producing iNKT cells 

express also NK1.1 molecules. Following a robust stimulation of TCR (e.g. αGalCer), these cells 

produce also TH2 cytokines. Other transcription factors in the TH1-like iNKT are GATA-3 

(GATA-binding protein 3), and PLZF (Promyelotic leukemia zinc finger protein), a transcription 

factor that has been proposed to identify iNKT cell lineage (65, 84). Thus, TH1 or TH2 polarization 

is complicated in iNKT cells as can be TH1 and TH2 producers simultaneously. TH2 like iNKT 

cells are mainly located within lungs and intestine, express CD4 and IL-17RB and produces 

different TH2 cytokines such as IL-10, IL-13 and IL-4 following activation. IL-25 can activate 

these cells which do not express T-bet and are responsible to airway hyperactivity in T-bet 

deficient mice. GATA-3 is the main transcription factor in TH2-like iNKT cells (87) but E4BP4 

(E4 promoter-binding protein 4) has also a role in production of TH2 type cytokines (84, 88). TH17 

like iNKT cells are enriched in the peripheral lymph nodes, lungs and skin, characterized by 

producing IL-17A and have a CD4-IL-17RB- phenotype. TH17 like iNKT cells are only iNKT cells 

that produce both IL-21 and IL-22, expresses IL-23 receptor and produces IL-17 following 

activation by IL-23. The development of these subtypes is associated to the transcription factor 

ROR-γt. (Retinoic acid receptor-related orphan receptor-γt) (78, 84). Adipose iNKT cell 

phenotype represents a newly introduced subpopulation of iNKT cell lineage. Invariant NKT cells 

resident in adipose tissue display a unique phenotype in terms of surface marker expression and 

function. Adipose iNKT cells are mainly CD4- and a large proportion of adipose iNKT do not 

express NK1.1. (89, 90) indicating that either they are more immature compared to iNKT cells in 

liver and spleen or adipose iNKT cells are constitutively activated, as NK1.1 is transiently down-
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regulated following activation (91). Adipose iNKT cells have a different cytokine profile 

compared with iNKT elsewhere. Adipose tissue-resident iNKT cells lack the expression of the 

transcription factor PLZF and were reported to produce mainly cytokines such as interleukin-4 

(IL-4) and IL-10, which may also regulate macrophage polarization and recruitment. The finding 

that iNKT cells in adipose tissue produce predominantly IL-4 and IL-10, but make little interferon-

γ compared to iNKT in liver or spleen, suggests that they have a protective TH2 polarized, 

immunoregulatory phenotype linked to adipose immune and metabolic homeostasis (89, 92, 93). 

iNKT cells are reported to be enriched in human adipose tissue, and their numbers decrease in 

obesity while recover with weight loss (94).  

 

                   

Figure 1.10. iNKT cell subtypes. The figure compares four proposed major subtypes of invariant 

natural killer T (iNKT) cells. Crucial transcription factors, surface markers, expression of cytokine 

receptors and tissue distribution associated with each subset are indicated (see text for details). 

Adopted from (85) .  
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iNKT cell interactions with other leukocytes 

The interactions between iNKT cells and their CD1d-expressing cognate partners represent 

the core of the ability of iNKT cells to orchestrate immune responses. Cytokines, chemokines and 

surface molecules expressed by iNKT cells upon their activation profoundly influence and results 

in the activation and licencing of other immune cell types. Dendritic cells is the major population 

that mediates iNKT-cell activation in vivo following the intravenous administration of the soluble 

lipid antigens as they constitutively express CD1d (95, 96). In addition, dendritic cells produce IL-

12 and up-regulate their production of iNKT-stimulatory lipid antigens as a response to recognition 

of signals from pattern-recognition receptors (PPRs) during infection. Therefore, interaction 

between iNKT cells and DCs can lead to bidirectional cell activation (50, 97). The antigen 

presentation of lipid peptides to iNKT cells by dendritic cells leads to rapid iNKT cell response 

characterized by strong IFN-γ production and NK cell transactivation and can also enhance the 

ensuing adaptive immune responses mediated by MHC‑restricted T cells(98, 99). In addition, 

activated DCs secrete interleukin-12 (IL-12) that also transactivate NK cells, and they can further 

enhance the ensuing adaptive immune responses mediated by MHC-restricted T cells. Moreover, 

iNKT cells are well equipped to contribute to B cell activation, as they  produce IL-4, IL-5, IL-6, 

IL-13 and IL-21 (62) and also express CD40 ligand (CD40L) (44). In addition to the iNKT cell–

B cell axis, self or foreign lipid antigen presentation enforces iNKT cells to recruit neutrophils to 

the infected tissue, for example by secreting IL-4 (100) and CXC‑chemokine ligand 2 (CXCL2, 

also known as MIP2) and mediate their reciprocal activation or modulation (101). Activation of 

iNKT cells with αGalCer contribute to the low degree of adipose inflammation in the lean state by 

polarizing macrophages to an M2 phenotype through anti-inflammatory cytokine signaling, a 

function that is lost in obesity (89). Finally, iNKT cells can protect against tumor growth in part 

through cell cytotoxicity and rapid production of IFN-γ or altering the phenotype of tumor-
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associated macrophages (TAMs), a cell population that supports the growth of some neoplasms  

(102, 103). 

 

Figure 1.11. Interactions between iNKT cells and other leukocytes. Self or foreign lipid antigen 

presentation facilitates cognate interactions between invariant natural killer T (iNKT) cells and 

CD1d-expressing antigen-presenting cells (APCs), including dendritic cells (DCs), macrophages, 

neutrophils and B cells. This leads to iNKT cell activation and NKT-cell associated cytokine 

production that modulate the functions of the iNKT cell and reciprocal APC activation. Both iNKT 

cell- and APC-derived factors can activate other cell types in a CD1d‑independent manner (see 

text for details). Adopted from (81). 
 

 

iNKT cells in diverse pathological conditions: The paradigm of liver autoimmune diseases 

 The immunological features of iNKT cells are diverse because of their unique ability to 

produce both TH1 and TH2 cytokines upon activation and even skew the type of immune response 

in a stimulus and context dependent manner. Through their rapid and broad cytokine production, 

iNKT cells have a major function in trans-activating various immune cell populations, and 
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therefore are able to influence and regulate a wide range of immune responses including 

autoimmunity, transplantation, atherosclerosis, infections, and cancer (104). iNKT cells may have 

either beneficial or deleterious effects following potent stimulation. For instance, this unique 

immune cell population can function as an effective adjuvant for vaccines due to the ability of 

iNKT cells to interact with, and to activate, various immune cell effectors and notably dendritic 

cells (105, 106). On the other hand, several studies support that increasing prevalence of 

autoimmune disorders including scleroderma, type I diabetes, multiple sclerosis (MS), systemic 

lupus erythematous (SLE) and rheumatoid arthritis (RA) is associated with reduction or deficiency 

of iNKT cells activities (107). Therefore, there is an ongoing source of confusion in the literature 

as several studies in animal models and human diseases have yielded conflicting results, mainly 

in the field of autoimmune and inflammatory disorders. As an example, Shen et al argued against 

the view that decreased numbers and reduced activity of iNKT play a pathogenic role in lupus (108) and 

instead suggest that the reduced frequency of iNKT cells in blood of SLE patients could be due to their 

recruitment to inflamed tissues and excessive activation of iNKT cells likely contributes to disease 

development (109). It should be noted, therefore, that the decreased numbers of iNKT cells might 

be a consequence rather than a cause of disease, and the mechanism(s) that iNKT cells may 

regulate autoimmune diseases is still not clear in most cases. Several studies using CD1d-deficient 

mice which lack iNKT cells, have demonstrated that iNKT cells are pro-atherogenic (110, 111) in contrast 

to other groups supporting the opposite (112). Another clue of the contradictory immunomodulatory 

features of iNKT cells came from EAE studies where synthetic analogues of αGalCer were utilized to treat 

myelin-induced model of EAE (113). In this particular study, OCH, an αGalCer derivative,  promoted a 

TH2 polarizing effect by iNKT cells and protected from experimental autoimmune encephalomyelitis 

(EAE), a model of multiple sclerosis in mice (114). Conversely, activation of iNKT cells with DCs through 

presenting aGalCer professional antigen presenting cells leads to production of both anti- and 

proinflammatory cytokines that bay exacerbate EAE and consequently MS (99). Therefore, under 

conditions where a prominent TH1 response is deleterious, such as in certain autoimmune and inflammatory 
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diseases, it would also be advantageous to recover an anti-inflammatory or regulatory pro-TH2 immune 

response. To this end, several analogues of αGalCer with potent polarizing properties toward a Th2 profile 

were created. Development of new ligands able to manipulate iNKT cells towards a TH1 or a TH2 profile is 

therefore a great challenge that can lead to new therapeutic opportunities in treatments of various diseases. 

The liver plays a key role in many physiological processes and is endowed with a unique 

defense system based on resident immune cells and their mechanisms for rapid immune responses, as 

it is continuously exposed to toxins, intestinal flora and dietary proteins (7). iNKT cells correspond 

to approximately 30% of T cells in the liver where they reside within the liver sinusoids and 

provide intravascular immune surveillance (46). Homing of type I NKT cells in the liver is 

dependent on chemokines such as CXCR6 (115), LFA-1 (11, 116) or ICAM-1(116). The 

abundance of NKT cells in the liver and their potent immunoregulatory features suggest NKT cells 

as critical mediators of hepatic immune homeostatic mechanisms. Takeda et al, examined the 

contribution of NKT cells in the murine model of Con A-induced liver injury that closely resembles 

human autoimmune and viral hepatitis. Their study demonstrated that the activation of NKT cells is 

fundamental for the development of immune mediated liver injury as CD1d-deficient mice lacking 

NKT cells exhibited to be highly resistant to the hepatotoxic effects of  Con A (21). Accordingly when 

NKT cells and Con A were coinjected in the liver of CD1d-deficiemt mice, a massive degenerative 

change was observed comparable to that observed in Con A-injected wild-type mice (21).  As 

mentioned above, a specific ligand for iNKTs, αGalCer, induces liver injury and has been established 

as a model for NKT-cell mediated liver injury. The underlying mechanism involves pronounced 

cytokine response including TNF-α, IL-6, IL-4 and IFN-γ in the liver, within 2 hours of glycolipid 

stimulation, following by increased expression of FasL and granzyme B by iNKT cells (117). Cao et 

al, unraveled a novel role of the transcription factor IFN regulatory factor 1 (IRF-1) in NKT-cell 

mediating liver injury being dramatically upregulated by αGalCer treatment, a phenomenon 

reversed by TNF-α or IFN-γ neutralization (118).  Administration of αGalCer in a transgenic 

mouse model of primary HBV infection (HBV transgenic mice expressing the complete HBV 
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genome) leads to selective stimulation of iNKT cells and results in rapid IFN-γ dependent 

inhibition of viral replication (119).  NKT cells may also contribute to control of HBV infection 

through sensing of HBV-induced modified self-lipids through CD1d resulting in enhanced HBV-

specific T and B cell responses and prompt viral control in HBV transgenic mice  (120). Vilarinho 

et al, demonstrated that type II NKT cells mediate acute liver injury in HBV mice as emerged by 

blockade of an NKG2D–ligand interaction that completely prevents the HBV- and CD1d-

dependent, nonclassical NKT cell-mediated acute hepatitis and liver injury (121). Further 

contradictory outcomes on the role of NKT in liver diseases characterize studies conducted either 

in animal models or in humans using peripheral blood or intrahepatic cells (122, 123).  In the 

murine model of autoimmune hepatitis induced by ConA, type I NKT cells contribute to 

pathogenesis (21), whereas activation of sulfatide-reactive type II NKT cells protects from disease 

as they confer modification of dendritic cells and induction of anergy in type I NKT cells (124, 

125).  Accordingly, genetic ablation of NKT cells in mouse model of primary biliary cirrhosis 

(PBC) ameliorates biliary liver pathology (126). In line with this observation, PBC patients reveal 

a striking redistribution of CD1d-αGalCer-restricted NKT cells from the blood to the liver with 

increased intrahepatic iNKT cells especially around injured interlobular bile ducts (122), 

enhancing the notion that  type I NKT cells might promote the breakdown of hepatic tolerance and 

thus play a central role in initiating and perpetuating autoimmune liver damage while type II NKT 

cells protect from autoimmune hepatitis. Collectively these studies indicate that the investigation 

of iNKT cells in peripheral blood does not accurately reflect the function and the frequency of 

iNKT cells in the target organ in autoimmune diseases.  

 Going forward, it will be of great importance to understand the contribution of iNKT cells 

to both the initiation and chronic phases of autoimmune disease. The examples above illustrate how, 

in different situations, iNKT cells in a single organ can lead to varied pathologies, underscoring how the 

functional roles of iNKT cells in disease processes rely on several factors. The relative contribution of each 
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of these factors is likely to be context dependent, and defining the disease- specific balance of these factors 

presents a significant and exciting ongoing challenge. 

 

iNKT cells in cancer 

 

Several studies have demonstrated the therapeutic potential of iNKT cells-in anti-tumor 

immune responses. Indeed, in 1997, Kawano et al, reported a strong antitumor activity of αGalCer 

in mice with lung metastasis of melanoma B16 cells (43, 44). Accordingly, it has been shown that 

when administered in the early course of disease development, αGalCer prevents the tumor growth 

in mice with liver metastasis of adenocarcinoma Colon26 cells (127), EL-4 (128) and B16 

melanoma cells (129) and other tumor types in animal models (130-132).  iNKT cells are equipped 

with molecular weapons including perforin, granzymes, tumor necrosis factor (TNF)-a, Fas ligand 

and TNF-related apoptosis inducing ligand (TRAIL) that are likely to be directly involved in 

destroying malignant cells and clearing microbial pathogens (73, 103, 133). The 

immunomodulatory properties of iNKT cells are mainly attributable to their ability to transactivate 

other immune cells, like natural killer (NK) cells through IFN-γ production. Thus, iNKT cell-

mediated tumor protection induced by aGalCer could be due to subsequent NK cell activation and 

cytotoxicity. However, this prominent effect of aGalCer-activated iNKT cells in tumor immunity 

has been demonstrated to be suppressed by sulfatide-activated type II NKT cells.  Thus, in tumor 

immunity type I and type II NKT cells have opposite and counteractive roles and outline a new 

immunoregulatory axis. Modulation of the balance between the protective type I and the 

suppressive type II NKT cell should further be explored in therapeutic interventions in cancer 

(134). In humans, there is a promising outcome of clinical trials where αGalCer-based 

immunotherapy or αGalCer-pulsed APCs are well tolerated in cancer patients. However, the 
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results of these types of immunotherapies need to be further validated by increasing the number of 

patients enrolled in these clinical trials (135, 136).  

 

Clinical potential for iNKT cell–based immunotherapy 

 

The fact that iNKT represent highly potent immunoregulatory cells with a conserved 

specificity and their activation can be translated into a wide arrays of effector functions that 

orchestrate both innate and adaptive immune responses, makes them very attractive targets for 

immunotherapy (104, 137). However, there is much to be learned before these cells can be safely 

and effectively manipulated from the bench to the bedside. As mentioned in the previous sections, 

iNKT cell–mediated immune regulation can either promote or suppress the associated immune 

response, and this is not always related to the best benefit of the host. The precise identification 

and characterization of the various molecules and signaling pathways that lead to iNKT cell 

activation is obviously an important goal that will allow more accurate manipulation of iNKT cell 

activity. Furthermore, advances in cellular and imaging techniques that allow expansion of iNKT 

cells, either in vivo or in vitro followed by re-injection may be sufficient to manipulate immune 

responses in a clinical manner (138). This important question of whether NKT cell regulatory 

activity does find a clinical use is even more ambitious as the frequency of these cells in humans 

is both highly variable and generally lower than in mice. Hence, it is necessary to gain a better 

understanding of the immunological properties of human iNKT cells, in particular how they differ from 

mouse iNKT cells and how they modulate the human immune system in response to glycolipid activation. 

Ultimately, a greater understanding of the nature of distinct NKT cell subsets, the development 

and impact of different CD1d-binding NKT cell agonists, microenvironmental factors, and APCs 

should enable us to selectively manipulate NKT cells for anti-inflammatory and anti-tumor 

diseases therapies. 
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1.3. TPL2 kinase 

Discovery and characterization of Tpl2 gene 

The Tpl2 gene, also known as COT and MAP3K8 (139), was independently discovered by 

three research teams in the early 1990s. Cot (Cancer Osaka Thyroid) was initially described by 

Miyoshi et al. as a putative human proto-oncogene, isolated from a human thyroid carcinoma cell 

line and discovered to have a rearranged 3' end in the last coding exon (140). The rat homologue of 

Cot, named Tumor progression locus (TPL2) was identified by Tsichlis et al. as a proto-oncogene 

that is activated by provirus integration in Moloney murine leukemia (MoMuLV) virus-induced T 

cell lymphomas and capable to transform NIH 3T3 fibroblasts in vitro (141). More recently, 

insertion of MoMuLV into the murine Tpl2 locus was discovered in two genome-wide retroviral 

insertional screens for oncogenes using genetically sensitized mouse strains (142, 143). In mice, the 

Tpl2 gene locus is also targeted by provirus insertion in mouse mammary tumor virus (MMTV)-

associated mammary carcinomas in mice (144). In all cases, provirus insertion occurs in the last 

intron of the gene and gives rise to a carboxy-terminally truncated, compared to the wild type 

protein, named also as TPL2-2ΔC with transforming capacity.  In 1993, the normal cot analogue 

was cloned and found to encode for an ORF of 467 aa that generates two protein isoforms of 58 & 

52kDa through the utilization of alternative translation initiation sites at methionine 1 (M1-TPL2) 

and methionine 30 (M2-TPL2) (Fig1.12) (145). Both isoforms of TPL2 are mainly localized in the 

cytoplasm however recent evidence revealed TPL2 can also operate in the nucleus (146). The 

absence of amino (N)-terminal 29 amino acids in TPL2 expression does not affect its oncogenic 

activity and the role of this N-terminal region is transformation is still unknown. In comparison to 

wild-type TPL2 (M1-TPL2), expression of the oncogenic carboxy (C)-terminus-deleted TPL2 is 

associated with elevated transforming activity and signaling capacity indicating that removal of the 

C-terminal domain is required for its oncogenic potential. (147). Three mechanisms have been 

proposed to explain this phenomenon. First, the deletion has been suggested to abolish the 
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intermolecular interaction between the C-terminal tail and the kinase domain of TPL2, thus 

increasing its catalytic activity (147).  Second, the truncated protein lacks an amino acid sequence 

called ‘degron’ (aa 435-457) that targets wild-type TPL2 for proteasomal degradation (148).  

Finally, the C - terminus of TPL2 is important for the efficient interaction with other proteins that 

regulate its stability and kinase activity such as the p50 NF-B precursor NF-κB1/p105, which 

functions to sequester TPL2 from its substrates (Fig 1.12) (149, 150).  

 

Figure 1.12. TPL2 primary structure and phosphorylation sites. The normal Tpl2 gene locus 

encodes two different cyτoplasmic protein products (58 & 52kDa) through the utilization of 

alternative translation initiation sites at methionine 1 and methionine 30. The catalytic domain of 

TPL2 kinase activity is located in the center of the protein, bordered by the N-terminus and C-

terminus. Several phosphorylation sites of TPL2 have been identified within its kinase domain, 

including Thr290 and Ser400. Both Thr290 and Ser400 phosphorylations are necessary but not 

sufficient for TPL2 activation and occur prior to its dissociation from NK-κB1/ΑΒΙΝ2 complex. 

Ser62 becomes autophosphorylated and has been proposed to confer to maximal TPL2 activation. 

The C-terminus carries a reported ‘degron’ sequence (aa 435-457) that targets TPL2 for 

proteasomal degradation. NF-κB1 binds to and masks ‘degron’ thus regulating TPL2 stability and 

activity. C-terminal truncations that occur as a result of provirus insertion in MoMuLV – induced 

T-cell lymphomas and MMTV-induced mammary adenocarcinomas in rats (red arrowhead, aa 

424) also remove the ‘degron’ sequence, increasing the stability of TPL2. The function of N-

terminal region is still largely unkown. 

 

TPL2-mediated signaling pathways 

The homology of TPL2 serine/threonine kinase domain to that of Saccharomyces cerevisae 

gene product STE11 which is a mitogen-activated protein kinase kinase kinase (MAP3K) was the 

first indication that TPL2 may act as a MAP3K (151). The mitogen-activated protein kinase 

(MAPK) cascades are evolutionarily conserved signaling pathways in eukaryotic cells. A wide range 
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of extra-cellular signals including growth factors, cytokines, and physical/chemical stresses activate 

the MAPK signaling cascade and regulate major physiological processes corresponding to cell 

proliferation, inflammation survival, and death (152). More specifically, the cascade that leads to 

activation of MAPKs requires a dual specific phosphorylation on serine/tyrosine residues of MAPKs 

by MAP2Ks and on Serine/Threonine residues of MAP2Ks by MAP3Ks. MAP3Ks mediated 

activation of MAPKs is regulated in stimulus- and cell-dependent manner whereas multiple 

interactions and cross talks between the different MAPK cascades cause more miscellaneous and 

accurate cellular responses to a variety of intra- and extra-cellular stimuli (153, 154). There are four 

major MAPKs in mammals; extracellular signal-regulated kinases (ERK1/2), extracellular signal-

regulated kinase 5 (ERK5), c-Jun N-terminal kinases (JNK1/2/3), and p38 MAPKs (α, β, γ, δ). When 

overexpressed TPL2 activates several mitogen-activated protein kinases (MAPKs) including the 

extracellular-signal-regulated kinase (ERK1/2) which is its predominant target through its direct 

substrate MEK1, c-Jun N-terminal kinase (JNK), and to a lesser extent p38 and ERK5 by directly 

phosphorylating their upstream kinases MKK4, MKK6 and MEK5, respectively (147, 155, 156). 

Overexpression of TPL2 also mediates NF-AT (Nuclear Factor of Activated T cells) activation in 

Jurkat T cells through MEK, PKCζ and calcineurin-dependent mechanisms and induces IL-2 

(interleukin-2) production (157) which in turn mediates signals through the related MAP3 kinase 

NIK, potentiating TCR-mediated transcriptional responses results in the transduction of NF-κB, AP-

1 and (158-161). In addition, DNA damage induced by Ultraviolet B (UVB) has been reported to 

stimulate TPL2 phosphorylation and activation triggering its translocation to the nucleus where 

TPL2 phosphorylates histone H3 at Ser10 and induces c-fos transcriptional activation (162). When 

overexpressed in EGF-stimulated cells, TPL2 mediates the interaction between PP2A (Protein 

Phosphatase 2A) and p53, thereby inhibiting the phosphorylation of p53 at Ser15 which is important 

for its stabilization and transcriptional activity (163). The aforementioned signaling properties 

correlate well with the functional role of TPL2 in promoting cell proliferation and transformation.  
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However, endogenous TPL2 is inactive in the absence of extra-cellular signals, raising the 

question of whether overexpression of protein kinases can lead in artifactual phosphorylation of 

cellular proteins. Generation of a tpl2-/- mouse strain by Tsichlis’ laboratory clarified the previous 

concerns. Studies in tpl2-/- mice suggested that TPL2 has an important physiological role in ERK 

signaling downstream of a plethora of receptors involved in innate and adaptive immunity including 

TLRs, CD40, TNF and IL1 receptors (164-168). In addition to ERK, TPL2 has been shown to 

contribute to JNK activation in TNF-stimulated fibroblasts and to be required for NF-κB 

transactivation by mediating the MSK1 dependent phosphorylation of the RelA (p65) NF-κB 

subunit at Ser276 (165). A recent study from our laboratory demonstrated that TPL2 may also operate 

in the nucleus as a physical and functional partner of nucleophosmin (NPM/B23). NPM is a major 

nucleolar phosphoprotein that impacts on p53 response to DNA damage and nucleolar stress, 

cellular activities that are linked to malignancy. TPL2 mediates the phosphorylation of a fraction of 

NPM at threonine 199, an event required for its proteasomal degradation and maintenance of steady-

state NPM levels underlying the anti-cancer properties of TPL2 (146).  

 

Regulation of TPL2 signaling       

The precise molecular mechanisms which regulate TPL2 activity are not fully defined. In 

steady state conditions the entire pool of TPL2 associates with p105 NF-κB1 (150, 169). Through 

this molecular interaction, NF-κB1 stabilizes TPL2 by masking the ‘degron’ sequence but also 

inhibits its kinase activity by preventing access to MEK1, the ERK kinase. Cellular stimulation 

with various agonists, such as TLR ligands, IL-1β, TNF and CD40L, induces the formation of 

receptor proximal complexes that trigger activation of the MAP3 kinase TAK1 which in turn, 

activates IKK2 to phosphorylate the target residues S927 and S932 in p105, creating a binding site 

for the SCF-βTrCP ubiquitin E3 ligase complex (170). The signal-induced phosphorylation of NF-
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κB1 at Ser927 and Ser932 by IKKβ leads to K48-linked ubiquitination of p105 NF-κB1 by SCF-

βTrCP and triggers its complete degradation by the 26S proteasome and release of TPL2 from the 

complex. Liberated TPL2 is active towards MEK1 but unstable and consequently undergoes rapid 

degradation via the proteasome, thus restricting prolonged activation of ERK signaling (149). In 

addition, the A20 binding inhibitor of NFκB-2 (ABIN-2) has been shown to interact directly with 

TPL2, forming a ternary complex that includes p105 NF-κΒ1.  Studies with primary cells from 

ABIN2-/- mice (also known as Tnip2-/-) revealed that ABIN-2 is important for stabilizing TPL2 but 

is not required for its activation (150, 171).  

TPL2 is subject to phosphorylation at multiple sites including Thr290, Ser400 and Ser62 (168, 

172, 173).  Phosphorylation at Thr290 and Ser400 are stimulus-induced and are necessary although 

not sufficient for TPL2 activation (172, 173). Both Thr290 and Ser400 phosphorylations take place 

prior to the dissociation of the catalytic subunit from NF-κB1/ABIN2.  The phosphorylation at 

Thr290 is required for its release from p105 NF-κB1 and has been proposed to be mediated by 

IKKβ-dependent signals (172) or that it is an autophosphorylation event (174, 175).  The 

phosphorylation of Ser400 is believed to contribute to kinase activation through the induction of a 

conformational change which releases the inhibitory intermolecular interaction between the C-

terminal tail and the kinase domain of TPL2 (173). Ser62 becomes autophosphorylated following 

IL-1 stimulation and has been suggested to contribute to maximal TPL2 activation (168). A recent 

study reported that TPL2 Ser400 phosphorylation by IKKβ and TPL2 Ser443 autophosphorylation 

synergized to trigger TPL2 association with 14-3-3. Recruitment of 14-3-3 to the phosphorylated 

C-terminus stimulated TPL2   kinase activity towards MEK1, the ERK kinase.  The binding of 14-

3-3 to TPL2 was also essential for LPS-induced production of TNFα by macrophages, which is 

regulated by TPL2 independently of ERK-1/2 activation (176). This study provided a novel 

mechanistic insight into in the activation of TPL2 signaling and elucidate how C-terminal deletion 
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generates the oncogenic potential of TPL2 by rendering its kinase activity independent of 14-3-3 

binding (176). 

 

The functional role of TPL2 kinase in inflammation and immunity 

 TPL2 kinase is widely expressed in the spleen, thymus, lungs, intestine, liver, brain, testis, 

skeletal muscles and pancreas. The generation of TPL2 knock-out mice (164) allowed the analysis 

of the physiological role of TPL2 kinase in inflammatory and immune responses. Tpl2-/- are of 

normal size and weight, develop a normal immune system, have a normal lifespan and do not exert 

any obvious phenotype under specific-pathogen free conditions (164).  TPL2-deficient mice were 

found to be resistant to LPS-induced endotoxin shock because of a defect in ERK activation, 

resulting in lower TNFα and COX-2/prostaglandin E2 production by macrophages (164, 177). 

TPL2/MEK/ERK signaling axis regulates TNF expression at a post-transcriptional level by 

promoting the export of Tnf mRNA from the nucleus through the expression of mRNA export 

receptor Tip-assοciated protein (TAP) and phosphorylation of TNFα-converting enzyme (TACE) 

on T735 which is required for the pre-TNFα appearance at the cell membrane and the processing 

of pre-TNFα to TNFα indicating the significance of TPL2 in the post-transcriptional regulation of 

TNFα in macrophages (Fig. 1.13), (164, 178, 179). TPL2 is also indispensable for mRNA and 

protein expression of IL-1β and 1L-10 following stimulation of macrophages and dendritic cells 

with LPS or CpG (180, 181). However, tpl2-/- mice have been described to display increased 

susceptibility to infection with Listeria monocytogenes, a fact that correlates well with decreased 

production of IL-1β which is indispensable for optimal anti-listeria responses (181).  TPL2 is also 

involved in ERK signaling activation in hepatic Kupffer and stellate cells upon TLR4 and TLR9 

stimulation, leading to induction of the fibrogenic genes IL-1β and TIMP-1 with concomitant  

reduction in fibrosis in tpl2-/- mice (182). Additionally, genetic ablation or pharmacological 
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inhibition of TPL2 protected mice from antiplatelet antibody-induced thrombocytopenia, a model 

of ITP (idiopathic thrombocytopenic purpura). This study revealed that TPL2 is activated by FcγR 

signals in macrophages and is required for FcγR-induced MEK/ERK1/2 phosphorylation leading 

to cytoplasmic Ca2+ influx, induction of pro-inflammatory cytokine production (IL-6, TNFα) and 

phagocytosis (183). Moreover, TPL2 deficient mice have also been studied in the context of a 

TNF-induced Crohn’s -like inflammatory bowel disease (IBD) in mouse model (TNFΔARE mice). 

These mice exhibited attenuated progression of the disease, ablated TNFα-induced ERK activation 

in macrophages and low numbers of memory CD4+ and peripheral CD8+ lymphocytes showing 

that TPL2 kinase regulates the lymphocytic response during progression of IBD (184). TPL2 

negatively regulates TLR induction of IL-12 p70 and IFN-β (Interferon-β), independently, at least 

in part, of any effects on IL-10 production (180). Collectively, TPL2 signaling appears to mediate 

both pro- and anti-inflammatory effects on the production of cytokines in innate immune 

responses. 
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Figure 1.13. Intracellular signaling cascade involved in TPL2 activation downstream of Toll-

like receptors (TLRs). The main cell signaling events involved in TPL2 activation, from TLR 

engagement by pathogen-associated molecular patterns (PAMPs) to translocation and/or 

activation of key transcription factors. At steady state, TPL2 forms a complex with the cytoplasmic 

NF-κB inhibitory protein p105 and ABIN-2. The p105-TPL2 complex is functionally inactive and 

its activation involves signal-induced (PAMP) p105 degradation and the dissociation of TPL2 

from the complex. The signal-induced TPL2 activation requires IKKβ, which phosphorylates p105 

at Ser927 and Ser932 and triggers its proteolysis. TPL2 is phosphorylated at Thr290and Ser400 by 

IKKβ or through autophosphorylation at Ser443 or Ser62 while in complex with NF-κB1. Both 

Thr290 and Ser400 phosphorylations take place prior to TPL2 dissociation from NF-κB1/ABIN2. 

Liberated TPL2 is active towards MEK1 but unstable and consequently undergoes rapid 

degradation via the proteasome, restricting this way prolonged activation of MEK/ERK signaling. 

MEK in turn phosphorylates ERK resulting in activation of various transcription factors that may 

force the transcription of inflammation-related genes. ERK also mediates the phosphorylation of 

other kinases, such as MSK1 which contributes to the activation of the transcription factors RelA 

(p65 NF-κB) and CREB by MSK1 dependent phosphorylation at Ser276 and Ser133, respectively. 

In addition, ERK is responsible for the post-transcriptional regulation of TNF synthesis. Other pro-

inflammatory cytokines, such as TNF and IL-1 activate TPL2 also through IKKβ-mediated 

signals. 

  

 

Similarly, TPL2 contributes either positively or negatively in adaptive immune responses. 

In particular, TPL2 is required for the transduction of ERK activation signals initiated by CD40 

engagement and contributes to IgE synthesis in response to IL-4 and anti-CD40 mAb stimulation 

in B lymphocytes (167). In certain disease models TPL2 deficiency exacerbates the inflammatory 

response. In this regard, in a mouse model of allergen (ovalbumin)-induced inflammation, tpl2-/- 

mice produce considerably higher levels of both OVA-specific and total IgE compared to tpl2+/+ 

mice. It was proposed that the upregulation of IgE is correlated with increased secretion of TH2 

cytokines such as IL-4 and IL-5 and decreased secretion of IFN-γ by tpl2-/- T cells exposed to 

ovalbumin (185). The shift towards TH2 polarization of the T cell response to OVA in tpl2-/- mice 

is in agreement with studies showing that the defence of TPL2-knockout mice to the intracellular 

parasite Toxoplama gondii is impaired because of a T cell autonomous TH2 shift of the T cell 

response (186). Moreover, Sugimoto et al. showed that bone marrow–derived DCs from tpl2-/- 

mice produce significantly more IL-12 in response to CpG-DNA than those from WT mice and 
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showed TH1-skewed antigen-specific immune responses upon Leishmania major infection in vivo 

(187). In addition, TPL2 does not only contribute to the differentiation of TH1 cell subset but also 

induces the production of TH17-promoting cytokine IL-23 indicating that TPL2 may positively 

regulate TH17 cell differentiation (188). Indeed, two recent studies have demonstrated the positive 

role of TPL2  in IL-17 signaling through TAK1  in experimental autoimmune encephalomyelitis 

(EAE) by regulating both the onset and severity of disease, highlighting its therapeutic importance 

in TH1 and TH17-driven diseases such as multiple sclerosis and psoriasis and its function in stromal 

cells (189, 190). In this regard, it is also known that the instability of regulatory T (Treg) cells is 

implicated in the pathogenesis of autoimmune diseases. Of relevance, the TPL2-MEK-ERK 

signaling pathway downregulates the Foxp3 DNA binding activity thereby destabilizing the Treg 

lineage (191).  

In addition to its function in hematopoietic cell lineages, TPL2 is also implicated in the 

regulation of non-myeloid cells. Thus, in acute pancreatitis, non-myeloid expression of TPL2 

regulates inflammation by mediating pro-inflammatory gene expression and the generation of 

neutrophil chemoattracting factors (MCP-1, MIP-2 and IL-6). Furthermore, another study reported 

that genetic and pharmacologic inhibition of TPL2 is protective in a mouse model of ventilator-

induced lung injury, ameliorating both high-permeability pulmonary edema and lung 

inflammation evidenced by decreased concentrations of proteins, IL-6, and MIP-2 in 

bronchoalveolar lavage fluid (BALF) (192). The impact of TPL2 was also shown in ligature-

induced periodontitis (193). TPL2 is involved in the induction of RANKL, TNFα, COX-2, 

prostaglandin E2 (PGE2) and IL-1β and is essential for the progression of alveolar bone loss and 

osteoglastogenesis in periodontal tissue during experimental periodontitis (193). In addition, 

following epithelial injury-induced colitis, intestinal myofibroblasts (IMFs) function as sensors of 

inflammatory signals and activate, through TPL2, the COX-2/PGE2 signaling pathway, shown to 

be essential for the epithelial homeostatic responses (194). TPL2 kinase is found up-regulated in 
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adipose tissue in obesity and therefore controls obesity-associated metabolic dysfunction as tpl2-/- 

mice exhibited improved insulin sensitivity with enhanced glucose uptake in skeletal muscle and 

increased suppression of glucose and lipid output in the liver (195). Thus, TPL2 kinase may have 

a role in adipose tissue dysfunction in obesity and type-2 diabetes. In this regard, it is also known 

that proinflammatory cytokines are involved in the pathogenesis of type I and type II diabetes as 

may exert cytotoxic effects on β-cells of pancreas. Cytokines induce apoptosis and modify the 

function of differentiated β-cells. It was recently demonstrated that TPL2 is expressed in INS-1E 

β-cells, of mouse and human islets, is activated and upregulated by inflammatory stimuli and 

mediates ERK1/2, JNK and p38 MAPK signaling. Inhibition of the catalytic activity of TPL2 

protects β-cells, mouse and human islets from cytokine-induced apoptosis and preserves glucose-

induced insulin secretion in mouse and human islets exposed to cytokines without affecting 

survival or conferring positive effects of glucose involving basal insulin secretion (196). 

In conclusion, the TPL2/MEK/ERK axis regulates the expression of both pro- and anti-

inflammatory mediators that lead to the production of various cytokines and chemokines in a 

stimulus- and cell/receptor type-specific manner rendering TPL2 an important and novel 

therapeutic target for inflammatory diseases. Along these lines, several pharmaceutical companies 

including Wyeth/Pfizer, Abbott and Novartis are developing small-molecule TPL2 inhibitors with 

some of them showing relative specificity in vitro and promising anti- inflammatory efficacy in 

vivo (197-199). 

 

The impact of TPL2 kinase in Cancer  

TPL2 kinase plays contradictory roles in cancer with tumor-promoting or tumor-

suppressing attributes. Initial studies identified TPL2 as a proto-oncogene activated by C-terminal 

truncation in the mouse and rat.  Indeed, transgenic mice expressing the truncated TPL2 under the 
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control of a T cell-specific promoter develop T cell lymphoblastic lymphomas by the age of 3 

months whereas expression of wild-type TPL2 has no effect (147). Elevated TPL2 expression has 

been reported in large granular T lymphocyte proliferative disorders (200), gastric colon 

adenocarcinomas (201), Epstein-Barr virus (EBV)-related nasopharyngeal carcinoma and 

Hodgkin’s disease and other virus-related malignancies (202). Expression of TPL2 kinase is also 

found to be  up-regulated in approximately 40% of human breast cancers  indicating that increased 

copies of the Tpl2 gene could be a possible mechanism for TPL2 over-expression (203, 204). 

Recent evidence revealed that TPL2 interacts directly with Pin1 (Peptidyl-prolyl cis-trans 

isomerase NIMA-interacting 1) and induces its phosphorylation on Ser16, which impacts in cyclin 

D1 up-regulation and breast cancer development (205). In addition, IL-22 (interleukin-2) 

phosphorylates TPL2 through IL-22R1, activates the MEK-ERK, JNK, and STAT3 signaling 

pathways, and results in epithelial-mesenchymal transition (EMT) through AP-1 in breast cancer 

cells (206). In this line, another study demonstrated that the IL-33/ST2/TPL2 cascade activates  

the MEK-ERK, JNK-cJun and STAT3 (signal transducer and activator of transcription 3) signaling 

pathways followed by increased AP-1 and STAT3 transcriptional activities which direct IL-33-

induced EMT and support tumor-associated inflammation in the microenvironment of breast 

tumors (207). Recently, Gruosso et al, reported that pro-tumorigenic properties of TPL2 are 

mainly mediated by the MEK/ERK/ p90RSK pathway. This group demonstrated that TPL2 is 

accumulated in high-grade serous ovarian carcinomas (HGSCs) supporting its role a predictive 

marker for the efficiency of MEK inhibitors, which represent a promising new therapeutic 

alternative for HGSC patients (208). 

In the field of inflammation-driven carcinogenesis, a recent study revealed that a TLR2/6-

dependent TPL2 pathway positively regulates the inflammatory milieu of myeloma niche by 

promoting the "inflammatory switch" of macrophages in myeloma-associated 

monocytes/macrophages (MAM) (209). Chronic prostatic inflammation is a major inducing factor 
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of prostate cancer. A possible connection between the TPL2 signaling pathway and the 

development of prostate cancer was validated as increased expression and catalytic activity of 

TPL2 were found to promote androgen depletion-independent (ADI) prostate cancer growth 

through the activation of the MEK/ERK and NF-κB signaling pathways, indicating association of 

TPL2 with tumorigenesis and/or cancer progression (210). A recent study identified TPL2 as 

promoter of DEN-induced hepatocellular carcinoma (HCC) through its pro-inflammatory effect, 

suggesting TPL2 as a molecular target for HCC prevention (211). This finding will be further 

discussed in the sections of Results and Discussion of Chapter II. 

In addition, there is evidence supporting a role for TPL2 in tumor metastasis. Thus, TPL2 

transduces proteinase-activated receptor 1 (PAR1) signals to regulate the expression of MMPs and 

other secreted molecules both in fibroblasts and tumor cells promoting cell transformation, tumor 

metastasis, and angiogenesis (212). In this regard, TPL2 is indispensable for PAR1 to engage a 

Rac1 and focal adhesion kinase (FAK)-dependent pathway, to activate ERK and JNK1, and to 

promote reorganization of the actin cytoskeleton and cell migration (212, 213). Pancreatic 

adenocarcinoma upregulated factor (PAUF), which represents an endogenous ligand of TLR2 and 

TLR4, activates TLR2-mediated TPL2-MEK-ERK signaling pathway to increase expression of 

pro-tumorigenic cytokines. On the other hand, it inhibits TLR-mediated NF-κB signaling and 

thereby facilitates tumor growth and escape from innate immune surveillance (214).  Angiogenic 

factors including vascular endothelial growth factor (VEGF) and chemokine (C-X-C motif) ligand 

1 (CXCL1) increase phosphorylation and kinase activity of TPL2 in a dose- and time-dependent 

manner suggesting that development of TPL2 inhibitors could lead to novel anti-angiogenic and 

anti-metastatic treatment strategies (215). Indeed, in an orthotropic model of gastric cancer, TPL2 

inhibition significantly induced endoplasmic reticulum stress, inhibited EMT, and reduced 

peritoneal dissemination of cancer cells, which was accompanied by angiogenesis blockage (215, 

216). Moreover, elevated TPL2 activity enhanced tumorigenic and metastatic potential of cell 
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renal carcinoma (ccRCC) in mouse models through activation of  MAPK signaling and cross talk 

with the CXCL12-CXCR4-directed chemotaxis and chemoinvasion (217). In contrast to the 

evidence supporting a tumor-promoting role of TPL2, under certain conditions TPL2 may serve 

as an inhibitor of tumor growth. Tpl2-/- mice bred onto an MHC Class I-restricted T-cell antigen 

receptor transgenic (TCR2C) background develop CD8+ T-cell lymphomas because of a defect in 

ERK-dependent CTLA4 induction that renders CD8+ T lymphocytes hyperproliferative in 

response to TCR signals. Thus, TPL2 is required for full activation of ERK in response to TCR 

signals (218). In addition, human melanomas carrying activating B-Raf mutations express reduced 

level of TPL2 and TPL2 copy number gains associate with resistance to Raf inhibitors (219). 

Moreover, Tpl2-/- mice exhibited a significantly higher incidence of tumors as well as increased 

signs of inflammation, mediated by increased NF-κB activity, in a chemically induced skin 

carcinogenesis model (220). Gene expression profiling between tpl2+/+ and tpl2-/- keratinocytes 

revealed a significant down-regulation in the matrix metalloproteinase (MMP) inhibitor Timp3 in 

tpl2-/- mice followed by up-regulated activity of MMPs that stimulate the migration and invasion 

of cancer cells.  

TPL2 may have a broader role in maintaining the equilibrium between cell survival and 

death (221). In breast cancer cells, reduced levels of TPL2 expression were associated with 

resistance to TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, a p53-

independent process (222).  However, TPL2 may also influence p53-dependent functions.  Thus, 

a recent study from our lab has demonstrated that TPL2 antagonizes oncogene-induced cell 

transformation and survival in lung epithelial cells through JNK dependent up-regulation of 

nucleophosmin (NPM), which is required for the optimal p53 response to genotoxic stress (223).    

This finding is in line with the observation  that low levels of TPL2 expression correlate with poor 

lung cancer patient survival and accelerated onset and multiplicity of urethane-induced lung 

tumors in mice (223). Oncogenic processes leading to TPL2 deregulation in lung cancer involve 
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allelic imbalance at the TPL2 locus, up-regulation of microRNA-370, which targets TPL2 

transcripts, and activated RAS (rat sarcoma) signaling. Genetic ablation of TPL2 has also been 

found to exaggerate intestinal inflammation through down-regulation of IL-10 levels and 

decreased numbers of regulatory T cells (Tregs) in the intestinal mucosa of tpl2-/- mice facilitating 

mutated Apc-driven tumorigenesis (224). In a mouse model mimicking colitis-propelled colorectal 

cancer, TPL2 ablation also led to increased number and size of tumors. This effect was attributed 

to upregulation of HGF production by intestinal myofibroblasts resulting in enhanced epithelial 

proliferation and decreased apoptosis (225). 

In conclusion, genetic and pharmacological studies have described both positive and 

negative effects of TPL2 in inflammatory pathologies and malignancies that warrant further 

analyses of the molecular mechanisms that govern its regulation and function.  
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2. Materials & Methods
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2.1 Animal study protocols 

Mice  

Tpl2+/+ and tpl2−/− mice (C57/BL6 background) are described in ref. 18 and C57BL/6-CD1d-/- 

mice were purchased from the Jackson Laboratory (Bar Harbor, ME). All mice were maintained 

under specific pathogen-free conditions in plastic cages containing hardwood bedding and dust 

covers in a High-Efficiency Particulate Air–filtered environmentally controlled room (24 °C, 

12/12-h light/dark cycle) and given Rodent Lab Chow and water ad libitum. 

 

Study Approval 

Mouse handling and all in vivo experimental procedures described above were in accordance with 

institutional guidelines, national and European Union legislation and were approved by the 

Veterinary Department of the Prefecture of Crete (renewed license number 6161/28–03-2014).  

 

Experimental hepatitis protocol  

To induce autoimmune hepatitis, 8 to 10-week-old female mice were injected intravenously with 

concanavalin A (ConA; Sigma-Aldrich) at a dose of 10 mg/kg body weight and were euthanized 

at the indicated time points after ConA treatment. For the assessment of the effects of kinase 

inhibition, a TPL2 inhibitor (Calbiochem) dissolved in DMSO was administered i.p. at a dose of 

250 μg/mouse 15 hours and 30 minutes before ConA treatment while the control animals received 

a vehicle that contained an equal amount of DMSO. To induce NKT-cell-mediated liver injury, 

mice were treated by i.v. with 100 mg/kg α-Galactocylceramide (αGalCer; KRN7000, Enzo Life 

Sciences) for 24 h. Control mice of all study groups received PBS as a control vehicle. 
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DEN-induced hepatocellular carcinoma 

To induce hepatocellular carcinoma,  Tpl2+/+ and tpl2−/− male mice were injected i.p. with a single 

dose of 25mg/kgr filter-sterilized, > 99.9 % purity of the hepatic carcinogen diethylnitrosamine, 

(DEN solution, Sigma-Aldrich, St. Louis, MO) at 2 weeks after birth. Mice were under the protocol 

for 30 weeks or 40 weeks and killed under deep isoflurane anesthesia followed by vital organ 

removal for further study. 

 

Histology, immunohistochemistry and Image Analysis  

For histopathology, liver tissue sections were excised at various time points, fixed overnight in 

10% neutral formalin solution and embedded in paraffin. Sections of 5M were prepared, placed 

on glass lesions and stained with hematoxylin-eosin (H&E) to assess liver injury. To assess the 

extent of apoptotic areas, liver tissue was stained for activated caspase-3. Inactivation of 

endogenous peroxidase was achieved by incubating the deparaffinized sections with hydrogen 

peroxide/methanol. Antigen retrieval was performed by using 10mM Sodium Citrate buffer pH 

6.0. Sections were blocked using an Avidin/Biotin Kit (Vector Laboratories) followed by addition 

of 20% pig serum in PBS. A primary antibody was used against caspase-3 (CS9664, Cell Signaling 

Technology Inc.) at a 1:200 dilution in PBS, followed by overnight incubation at 4°C.  Sections 

were washed and further incubated with biotinylated swine anti-rabbit at 1:200 (Dako) for 1 hour, 

washed and immunohistochemistry was completed with streptavidin biotin-peroxidase complex 

incubation (Vector Laboratories) for 45 minutes. Caspase-3 positive cells were visualized by 3,3’-

diaminobenzidine tetrahydrochloride (DAB) and sections were hematoxylin counterstained. 

Morphometric image analysis was performed using Leica QWin software. 
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ALT/AST Activity Determination 

To detect serum levels of ALT and AST activity, serum was collected from peripheral blood via 

cardiac puncture at the indicated time periods post-injection under isoflurane anesthesia. Serum 

samples were stored at -20°C until ready to be used. Levels of AST and ALT were assayed by 

standard enzymatic procedures using an automatic biochemical analyzer Olympus AU5400, 

Medicon, in the Laboratory of Clinical Biochemistry, University Hospital of Heraklion (Crete, 

Greece). 

 

2.2. Molecular Biology protocols 

Genomic DNA extraction from mouse tails 

A  small piece of ~ 0,5 cm was cut and incubated in 0.7 ml tail lysis buffer containing 50 mM Tris 

pH 8.0, 100 mM EDTA, 100 mM NaCl, 1%SDS with 10μg/μl of Proteinase K (stock solution 

10mg/ml, Sigma Aldrich) at 56 0 C overnight. The mix was centrifuged at 13,000 rpm for 10 min 

at RT in order to clean mix from waste. In each tail mix, was added 0.7 ml of 

phenol/chloroform/isoamyl alcohol (25:24:1, invitrogen) and the mix was thoroughly vortexed and 

centrifuged at 13,000 rpm for 15 min at RT. The upper phase was transferred into a new eppendorf 

tube, containing 0.7 ml chloroform, thoroughly vortexed and centrifuged at 13,000 rpm for 15 min 

at RT. The upper phase was transferred into a new eppendorf tube containing 0.7 ml isopropanol 

and mixed by inversion. DNA was precipitated by centrifugation at 13,000 rpm for 15 min at RT 

and the supernatant was discard. The DNA pellet was washed with 1 ml of 70% ethanol and 

centrifuged at 13,000 rpm for 10 min at  4 0 C. The supernatant was discarded and the DNA was 

allowed to air-dry for 10-15 min. The DNA pellet was resuspended in 80-100 μl Ultrapure 

DNAse/RNAse free dH2O (invitrogen) and incubated at 4 0 C overnight before use. 
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PCR Genotyping of WT and tpl2-/- mice  

Genomic DNA was analyzed with PCR to verify the deletion of the Tpl2 gene. For genotyping, 20-50ng 

was used in each PCR reaction. DNA concentration was quantified by Nanodrop Spectrophotometer. The 

Polymerase Chain Reaction was performed using Taq Polymerase system (invitrogen). A 188-bp PCR 

product using the following primers (A) and (B) corresponds to the tpl2 allele whereas a 400-kb PCR 

product using (A) and (C) is correlated to the deletion of tpl2-/- mice.  

 

Table 2.1. Primers used for PCR reaction 

 Sequence Length Tm 

A. TPL2FW 5’-GGAGGTCCTTGGGAAGATAGA-3’ 21b 54 0 C 

B. TPL2WTREV 5’-CCTTCCGTCCTGCTTGGAAC-3’ 20b 56 0 C 

C. TPL2KOREV 5’-GCACGAGACTAGTGAGACGTG-3’ 21b 56 0 C 

 

Table 2.2. The PCR conditions used for the tpl2 reaction  

 94 0 C 5 min  

Denaturation 94 0 C 40 sec  

          40 cycles Annealing 560 C 40 sec 

Extension 72 0 C 40 sec 

Final Extension 72 0 C 10 min  

Hold 4 0 C ∞  

 

 

Agarose Gel Electrophoresis 

Agarose gels were set up in 1xTAE (50x TAE: 121g Tris, 18.6 gr EDTA, 28.55ml acetic acid 

glacial in 500ml H20) containing 2% agarose. Agarose concentration dependa on the size of the 

expected DNA fragments. The agarose solution was boiled in a microwave oven and cooled down 

to approximately 50 0 C.  15 μl of Ethidium Bromide solution (10mg/ml, Merck) were added per 
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180 ml of agarose solution. DNA ladder of 100bp (Invitrogen) was used as DNA marker. Samples 

were mixed with 6x DNA loading dye (0.25% bromophenol blue, 0.25% xylene cyanol FF, 

30%glycerol), loadein agarose gels and run in tanks under appropriate electrical field (100-120V). 

DNA bands were visualized using TFX-35M UV transilluminator (GIBCO) 

 

2.2. Cell biology protocols 

Isolation of Liver Mononuclear cells (LMNCs) and splenocytes 

Hepatic lymphocytes were isolated using the Percoll gradient as described previously by Watarai 

et al  (226). In detail, following anesthesia with isoflurane inhalation (Baxter), livers were perfused 

with PBS and excised carefully. Livers were chopped into small pieces and incubated for digestion 

in RPMI 1640 (Invitrogen Life Technologies) supplemented with 0.05% collagenase/dispace 

(Roche) and 0.01% trypsin inhibitor (Gibco) for 30 min at 370 C on a rotary shaker. The digested 

materials were filtered through 40 μm nylon cell strainer and pelleted to enrich lymphocytes. Cell 

pellet containing liver mononuclear cells (LMNCs) was collected and washed in RPMI-1640. The 

cell suspension was gently overlaid by a 33% Percoll (Sigma-Aldrich) gradient containing 100 

U/ml heparin and centrifuged for 30 min at 800xg. LMNCs were collected from the cell pellet 

followed by lysis of erythrocytes using RBC lysis buffer containing 155mM NH4Cl, 10mM 

KHCO3 and 0.1mM Na2EDTA. LMNCs were washed twice in PBS and resuspended in PBS 

supplemented with 5% FBS. Splenic cells were isolated by pressing the spleen through a 40-μm 

nylon strainer and were resuspended in PBS followed by erythrocyte lysis using RBC lysis buffer. 

Cell yields and viability were measured with trypan blue staining.  
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Cell Sorting and NKT:DC Co-Culture  

The TCRβ+CD1d tetramer+ NKT-cell population and CD11c+ Dendritic cells (CD11c+ DCs) were 

sorted from liver MNCs of tpl2+/+ and tpl2-/- mice using the high-speed cell sorter MoFlo (Dako). 

Tpl2+/+ and tpl2−/− CD11c+ DCs (purity >90%) were treated with αGalCer to the final 

concentration 100ng/ml for 18 hours. αGalCer-pulsed DCs were co-cultured with purified tpl2+/+ 

and tpl2-/- NKT cells (purity >95%) in all possible combinations at ratio 1:2 for 24 hours. Co-

culture supernatants were collected and analysed for IL-4 and IFN-γ secretion.  

 

NKT Cell Isolation and Adoptive Transfer 

Liver mononuclear cells were isolated from tpl2+/+ and tpl2-/- mice as described above. NKT cells 

were enriched from hepatic MNCs by magnetic cell sorting (130-096-513, Miltenyi Biotec). In 

brief, CD3 positive cells were enriched by negative selection (MACS) according to the 

manufacturer’s protocol. CD3 enriched cells were stained with NK1.1 APC mAb, incubated with 

anti-APC microbeads and NK1.1 positive cells were enriched by positive magnetic cell sorting 

according to the manufacturer’s recommendations. Approximately 90% of the magnetic cell 

sorting–purified cells were CD3 and NK1.1 positive. Purified tpl2+/+ or tpl2-/- NKT cells (0,5x106) 

were injected i.v. into CD1d-deficient mice respectively. ConA was injected at a dose of 10 mg/kg, 

mice were then euthanized 8h post-injection and their sera and livers were analyzed. Liver injury 

was assessed by measuring serum levels of ALT/AST transaminases. 

 

Cell culture and treatments 

Primary murine liver mononuclear cells and splenocytes were cultured in RPMI 1640 

supplemented with 10% FBS, 1% nonessential amino acids, 1% penicillin-streptomycin, 1% 

Sodium Pyruvate, 50μΜ β-mercaproethanol (all purchased by Gibco, Life Technologies) and 
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treated with 100ng/ml with αGalCer at the indicated time points. The Va14+ CD1d-specific NKT 

hybridoma cell line DN32.D3 was a gift from Dr. Albert Bendelac (University of Chicago, 

Chicago, IL). DN32.D3 cells were maintained in hybridoma medium consisted of RPMI 1640 

supplemented with EHAA (Sigma-Aldrich), 10% FBS, 1% penicillin-streptomycin, 1% L-

glutamine (Sigma-Aldrich), Gentamycin (Sigma-Aldrich) and 50μΜ β-mercaptoethanol (Gibco, 

Life Technologies). Cells were treated with DMSO (Applichem) as vehicle control, 5μΜ of TPL2 

kinase inhibitor (Calbiochem, Merck-Millipore), 5μΜ of UO126 (Calbiochem, Merck-Millipore) 

or 0,5 μΜ of Wortmannin (Calbiochem, Merck-Millipore) 30min before stimulation with 

200ng/ml of αGalCer for various time points. In another set of experiments, cells were treated with 

10g/ml of purified anti-mouse IL-4 or/and 10ug/ml of purified anti-mouse IFN-γ and were 

stimulated or not with 200ng/ml αGalCer for further analysis. 

 

2.3. Expression Analysis 

Flow cytometry  

For flow cytometric analysis, cells were resuspended in 100 μl of FACS buffer (PBS containing 

5% FBS). For extracellular markers, single-cell suspensions of liver MNCs were stained with 

specific fluorescently conjugated antibodies for 30 min at 40 C in the dark. The following 

antibodies were used from ebioscience: CD3 (clone; 145-2C11), NK1.1 (clone; PK136), CD69 

(clone; H1.2F3), CD4 (clone; RM4-5), CD8 (clone; 53-6.7), Gr1 (clone; RB6-8C5), CD11b 

(clone; M1/70), CD11c (clone; N418), CD19 (clone; MB19-1), CD24 (clone; 30-F1), CD44 

(clone; IM7) and IL-4 (clone; BVD6-24G2). For tetramer staining, liver MNCs (2x106 cells) were 

pre-incubated for 10 min with anti-CD16/32 for blocking of Fc receptors and labeled with 

appropriate dilutions of PE-conjugated CD1dPBS57-tetramer (a kind gift by Dr Mihalis Verykokakis 

and Dr Barbara L. Kee, University of Chicago, Chicago, IL) and TCRβ-APC (H57-597; purchased 
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from e-bioscience) for 45 min at 40 C in the dark. Cells were washed and resuspended in PBS/5% 

FBS. For IL-4 intracellular staining, DN32.D3 cells were treated with 200ng/ml αGalCer in the 

presence or absence of TPL2 inhibitor. Secretion of cytokines was blocked by either Momensin or 

Brefeldin A protein transport inhibitors (e-Bioscience). Cells were stained with cell surface 

markers and then fixed and permeabilized with e-Bioscience fixation and permeabilization buffers 

according to manufacturer’s intracellular staining protocol. Flow cytometric analysis was 

performed and acquired on a FACSCalibur (BD biosciences) and data were analyzed using the 

FlowJo software (Tree Star Inc).  

 

Protein Isolation and Nuclear/Cytoplasmic fractionation  

Following treatment, cells were lysed in RIPA buffer, containing 50 mM Tris HCl pH 7.4, 150 

mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors (Sigma-

Aldrich), 100mM Na3VO4 (Sigma-Aldrich) and 1mM NaF (Sigma-Aldrich). For Western blot 

analysis, levels of total proteins were determined using the BCA assay (Thermo-Scientific). For 

fractionation of cytoplasmic and nuclear protein extracts, cells were lysed in buffer A (10 mM 

Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA and 10% NP-40) supplemented with protease 

inhibitors and 100mM Na3VO4 and 1mM NaF. Lysates were rotated on a platform for 15 min at 

4°C, and the cytosolic fraction was purified by centrifugation at 13000 rpm at 4°C for 4 min. The 

pellet of nuclei was resuspended in buffer B (20 mM Hepes, pH 7.9, 0.4 M NaCl, 0.1 mM EDTA, 

10% glycerol, protease inhibitors, 100mM Na3VO4, 1mM NaF), and extracts were incubated on 

ice for 30 min. The nuclear fraction was purified by centrifugation at 13,000 rpm at 4°C for 4 min. 

Cytoplasmic and nuclear protein concentration was measured using the Bio-Rad DC protein assay 

kit.  
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SDS-PAGE and Western blot analysis 

An amount of 30ug protein per sample was subjected to SDS-PAGE. Protein samples were 

supplemented 3:1 with the 5x sample buffer (5 ml Tris-HCl 1M pH 6.8, 1.6 ml β-mercaptoethanol, 

4 ml glycerol, 1.6 gr SDS, 8 gr bromophenol blue, dH2O up to 20 ml), boiled at 100 0C for 10 min 

to be denatured in their primary structure. Samples were centrifuged at 13000rpm for 1 min at 4 

ºC and on 9-10% SDS polyacrylamide gel. The BenchMark Prestained Protein Ladder (Invitrogen) 

was used as size marker. Gel Electrophoresis was performed in 1x Running Buffer (1L of 10X 

TGS: 30.3 gr Tris, 144.2 gr Glycine, 10 gr SDS) at 100-120Volts using Mini-PROTEAN Tetra 

Cell System (Biorad). Following SDS-PAGE, proteins were transferred to nitrocellulose transfer 

membrane. The transfer procedure was performed using Mini-PROTEAN Tetra Cell System (Bio-

rad) by electroblotting in 1L transfer buffer (100ml 10x TGS, 200ml methanol and 700ml dH2O) 

at 400mA for 90min. Membranes were blocked in 5% non-fat milk in TBS-Tween-20 (TBS-T) for 

30min-1h. Incubation with primary antibody was performed according to the manufacturer’s 

guidelines. The following antibodies were used for immunoblotting: pERK1/2 (CS4370, Cell 

Signaling Technology Inc.), pp38 (CS4511, Cell Signaling Technology Inc.), pJNK1/2 (CS4668, 

Cell Signaling Technology Inc.), pAKT (CS4060, Cell Signaling Technology Inc.), pGSK3β-Ser9 

(CS5558, Cell Signaling Technology Inc.), pSTAT1 (CS9171, Cell Signaling Technology Inc.), 

pSTAT3 (CS9131, Cell Signaling Technology Inc.), pSTAT6 (CS9361, Cell Signaling 

Technology Inc.), ERK1/2 (CS4695, Cell Signaling Technology Inc.), p38 (CS8690, Cell 

Signaling Technology Inc), JNK1/2 (CS9258, Cell Signaling Technology Inc.), AKT (CS2920, 

Cell Signaling Technology Inc.), STAT1 (610115, BD Transduction Laboratories.), STAT3 

(CS9132, Cell Signaling Technology Inc.), STAT6 (CS9362, Cell Signaling Technology Inc.), 

NFATc1 (CS5861, Cell Signaling Technology Inc.), Sp1 (PEP-2, Santa Cruz Biotechnology Inc), 

TPL2 (M-20, Santa Cruz Biotechnology Inc), IBα (CS4814, Cell Signaling Technology Inc.), 

pIKKα/β (CS2697, Cell Signaling Technology Inc.), IKKβ (CS8943, Cell Signaling Technology 
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Inc.) and β-actin (clone X-4, Millipore). Secondary anti-rabbit and anti-mouse HRP-conjugated 

antibodies were purchased by Sigma and used at a concentration of 1:20.000 in 5% non-fat milk 

in TBS-T. Membranes were incubated for 1h at RT. Enhanced Chemiluminesence ECL method 

(PerkinElmer, Life Sciences) was used for signal development. Protein bands were visualized 

either on a ChemiDoc XRS+ imaging system (Biorad) or membranes were exposed on film 

(Fujifilm). 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

Cytokine concentration in serum and cell culture supernatants was determined by ELISA at the 

indicated time points using ELISA kits for mouse IL-4, IFN-γ, IL-15 TNF and IL-6 (all purchased 

by ebioscience), according to the manufacturer’s instructions. Regarding the experimental 

procedure, purified anti- mouse capture antibody is used at a dilution of 1:250. Coat Corning 

Costar 9018 96 well plate with 100 μl/well of capture antibody in 1X Coating Buffer ((Dilute in 

H2O 10X Coating Buffer) and was incubated overnight at 4°C. After washing five times with wash 

buffer (1X PBS-0.05% Tween) and aspirate wells, plates were blocked with 1X Assay Diluent 

(Dilute in H2O 5X Concentrate Assay Diluent) at room temperature for 1 hour. Following five 

washes with wash buffer, standard dilutions and samples were added to the appropriate wells 

respectively (200μl/well) and incubated at 4 0 C overnight. A standard curve was constructed using 

recombinant mouse corresponding antibody. Each dilution of recombinant standard or sample was 

assayed in duplicate. After washing five times, wells were incubated with 100μl/well biotin-

conjugated anti-mouse antibody (100μl/well diluted 1:250 in 1X Assay Diluent) for 1 hour at room 

temperature. Subsequently, five washes were performed and the detection enzyme Avidin-HRP 

(100μl/well diluted 1:250 in 1X Assay Diluent) was added. After repeating a total of seven washes, 

100 μl/well of Substrate Solution to each well as added and the plate was sealed and incubated at 
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room temperature for 15 minutes.  Colorimetric reactions were stopped by the addition of 1N HCl, 

and the optical absorbance at 450 and 570 nm was determined using a microplate absorbance 

reader (Model 680 Microplate Reader, Biorad). 

 

RNA Isolation, cDNA Synthesis and qPCR Expression Assay 

Total RNA was isolated from NKT hybridoma cell line DN32.D3 using Trizol (Invitrogen) and 

quantified with a Nanodrop Spectrophotometer. A High Capacity cDNA Reverse Transcription kit 

was used to synthesize cDNA from 500ng of RNA according to the manufacturer's protocol using 

the High-Capacity cDNA Archive kit (Applied Biosystems). Applied Biosystems Taqman 

Universal PCR Master mix and TaqMan gene expression probes for mouse IL-4 

(Mm00445259_m1, FAM-labeled), IFN-γ (Mm01168134_m1, FAM-labeled), GATA-3 

(Mm00484683_m1, FAM-labeled), MAF (Mm02581355_s1, FAM-labeled), T-bet 

(Mm00450960_m1, FAM-labeled), FasL (Mm00438864_m1, FAM-labeled), JunB 

(Mm04243546_s1, FAM-labeled) and β-actin (ACTB; Mm00607939_s1) as endogenous control 

(VIC-labeled) were obtained from Applied Biosystems and used on an Applied Biosystems ViiA 

Real-Time PCR Instrument. All assays were run in duplicate on an Applied Biosystems ViiA Real-

Time PCR system according to the manufacturer’s instructions and the mean value was used for 

the analysis. mRNA levels were expressed as relative quantification (RQ) values, which were 

calculated as RQ = 2^(−ΔΔCt), where ΔCT is [CT (gene of interest) – CT (‘housekeeping’ gene)]. 

 

2.4. Statistical Analyses 

Data are expressed as the mean values for all mice treated similarly. Error bars represent ± standard 

error of the mean (SEM). The statistical significance of differences between two groups was 

determined using a two-tailed Student t test or the non-parametric Mann-Whitney U test where 
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appropriate or one-way analysis of variance (ANOVA) for comparison of three or more groups 

followed by Tukey’s post-hoc test.  Values of p < 0.05 were considered to be statistically 

significant (*p < 0.05; **p < 0.01; ***p < 0.001). All analyses were performed using GraphPad 

PRISM version 5.00 (Graph Pad Software, San Diego, CA) 
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3. Objectives
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This PhD thesis was designed to delineate the role of TPL2 kinase in inflammatory liver injury 

and hepatocellular carcinoma. More specifically, 

The objectives of the study regarding inflammatory liver injury, as presented in Chapter I, were: 

1. To investigate the impact of TPL2 kinase on liver inflammation during immune-mediated 

liver injury  

2. To define how TPL2 kinase activity shapes immune response underpinning liver damage 

3. To decipher the functional role of TPL2 kinase that mediate the cellular and molecular 

mechanism(s) involved in the initiation and the progression of the liver disease 

4. To validate the potential of inhibitors of TPL2 activity as a novel approach for the treatment 

of inflammatory liver diseases 

Results obtained from these studies demonstrated that genetic ablation of TPL2 or inhibition of its 

kinase activity in the mouse ameliorates liver injury and identified iNKT cells as crucial candidate 

cell population, participating in orchestration of immune response during liver inflammation.  

 

The objectives of the study regarding hepatocellular carcinoma (HCC) described in Chapter II, 

were: 

1. To examine in vivo the physiological role of TPL2 kinase in the initiation and progression 

of hepatocellular carcinoma  

2. To dissect the cellular and molecular mechanisms involved in the development of HCC 

The outcome of this study did not reveal any critical role of TPL2 kinase in the development of 

chemical-induced HCC. 
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CHAPTER I 

TPL2 kinase is a crucial signaling factor and mediator of NKT effector cytokine expression 

in immune-mediated liver injury 

Invariant NKT cells represent a subset of innate-like T lymphocytes which function as 

orchestrators of hepatic inflammation underpinning liver damage. Herein we demonstrate that 

TPL2, a MAP3 kinase that has mostly been appreciated for its physiological role in macrophage 

responses, is a signaling factor in CD3+NK1.1+ iNKT cells and mediator of hepatic inflammation. 

Using two mouse models of immune-mediated hepatitis, we provide new mechanistic insight into NKT 

cell biology and uncover a previously unappreciated major role for the TPL2 pathway in 

inflammatory liver disease through modulation of NKT cell function.  

 

Decreased severity of immune-mediated liver injury in tpl2-/- mice 

In order to investigate the role of TPL2 kinase in immune-mediated liver injury, we used 

an established mouse model of fulminant hepatitis-like pathology induced by Concanavalin A 

(ConA) (20). Wild-type (WT; tpl2+/+) and TPL2-deficient (tpl2-/-) mice were administered ConA 

intravenously and disease severity was monitored over time. Interestingly, WT animals 

progressively developed increased severity of immune-mediated liver injury compared to tpl2-/- 

mice. This observation correlates well with the histological examination, as tpl2+/+ developed 

congestive livers characterized by increased blood accumulation (Fig. 4.1), histological 

manifestations of extensive tissue damage (Fig. 4.1B) and elevated expression of cleaved caspase-

3 (Fig. 4.1C & 4.1D). Strikingly, tpl2-/- mice exposed to ConA experienced significantly decreased 

severity of the disease as displayed by reduced macroscopic and histological features of liver injury 

(Fig. 4.1A-4.1D). The serum levels of alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) which represent biochemical markers of hepatic injury (Fig. 4.1E) and of 
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the pro-inflammatory cytokines TNF-α, IL-6 and IL-12 (Fig. 4.1F)  as markers of systemic effects 

were also significantly reduced in tpl2-/- compared to WT mice treated with ConA. The important 

role of TPL2 kinase in immune-mediated liver injury was further highlighted by the fact that ConA 

treatment also led to accumulation of TPL2 mRNA and increased protein levels in the liver of WT 

animals (Fig. 4.1G and 4.1H). 
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FIGURE 4.1. TPL2 kinase promotes immune-mediated liver injury. (A) Representative 

images of livers of WT and tpl2-/- mice treated with 10mg/kgr ConA for 8 hours showing 

macroscopic signs of severe and mild liver injury respectively. (B) Histopathological examination 

of ConA-induced liver injury following H&E staining of liver sections (n=8, 100 x magnifications) 

from WT and tpl2-/- mice 8 and 24 hours after saline or ConA treatment. Black arrows show large 

inflamed and necrotic areas. (C) Representative (n=8) IHC analysis of cleaved caspase-3 levels in 

livers from WT and tpl2-/- mice treated with saline or ConA for 8 and 24 hours. Black arrows 

indicate areas of massive hepatocyte apoptosis positive for cleaved caspase-3 (100x 

magnification). (D) Graph represents quantification of cleaved caspase-3 staining in liver sections 

of WT and tpl2-/- mice treated with saline or ConA for 8 and 24 hours. Morphometric image 

analysis was performed using Leica QWin software. (Data are expressed as the mean ± SEM of 

n=8 mice/per time point, ** p<0.01, ***p<0.001). (E)  Serum ALT and AST levels 4, 8 and 24 

hours after injection of saline or ConA in WT and tpl2-/- mice. Data are expressed as the 

mean±SEM of n=10 of each genotype (*** p<0.001). (F) Graphs show serum cytokine levels of 

TNF-α, IL-6 and IL-12 as determined by ELISA in WT and tpl2-/- mice at the indicated time points 

after ConA treatment. (Data are expressed as the mean ± SEM of n=8-10 mice/per time point, ** 

p<0.01, ***p<0.001). (G) Quantitative Real-Time PCR for tpl2 mRNA expression in the liver of 

WT mice treated with saline or ConA at the indicated time points. (Data are expressed as the mean 

± SEM of n=8 mice/per time point, ** p<0.01, ***p<0.001) (H) Western blot showing TPL2 

expression in the liver of WT mice after 8 and 24 hours of ConA or saline treatment. Levels of 

TPL2 and GAPDH were quantified by densitometry and TPL2/GAPDH ratio was calculated. 

Results are expressed as the mean ± SEM of three independent experiments, * p<0.05.   

 

 

Next we addressed the question of whether the catalytic activity of TPL2 is required for 

the observed effects. To this end, WT mice were treated with a TPL2 kinase inhibitor prior to 

ConA administration.  This treatment resulted in reduced hepatic congestion and significantly 

lower serum ALT/AST levels compared to animals receiving ConA alone (Fig. 4.2A and 4.2B). 

Collectively these data indicate that TPL2 mediates pathogenic signals in ConA-induced liver 

injury which require intact TPL2 kinase activity.   
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FIGURE 4.2. TPL2 kinase activity decreases liver damage in hepatitis. (A) Macroscopic 

images of livers of WT animals treated with TPL2 kinase inhibitor vs vehicle control prior to an 

8-hour ConA administration. (B) Serum ALT and AST levels in WT animals exposed to TPL2 

inhibitor (10mg/kg) or vehicle control and analysed 8 hours following ConA treatment. Results 

are expressed as the mean±SEM of n=5 for each group (* p<0.05). 

 

 

 

TPL2 kinase activity affects the distribution of immune cell content and activation status in 

the liver during ConA-induced fulminant hepatitis. 

In mice, the pathogenesis of ConA-induced hepatitis critically depends on T and NKT 

cells, although macrophages, neutrophils and NK cells may also contribute to this pathology (20, 

21). To monitor the distribution of major immune cell populations and dissect the cellular 

mechanisms underlying the aforementioned pathogenic TPL2 effect in ConA-induced liver injury, 

we initially analyzed T cell content and activation status in liver mononuclear cells (LMNCs) 

isolated from WT and tpl2-/- mice during disease progression. This flow-cytometric analysis 

demonstrated progressive accumulation of CD3+ and CD4+ T (Fig. 4.3A and 4.3B) in ConA-

treated WT mice which was similar to that observed in tpl2-/- animals. Simultaneous assessment 

of the early activation marker CD69 also showed absence of significant differences in the 

activation status of CD3+ and CD4+ lymphocytes between strains (Fig. 4.3A and 4.3B), indicating 

that conventional T cells are not the primary target of the TPL2 effect on ConA-induced liver 

injury.   
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FIGURE 4.3. TPL2 does not affect CD3 and CD4 T cell activation and infiltration during 

ConA-induced liver injury.  (A) Liver mononuclear cells isolated from the liver of WT and tpl2-

/- mice were analyzed by flow cytometry following treatment with ConA. Representative analysis 

of kinetics and frequency of activated T cells as defined by CD3+CD69+ co-expression (gated in 

liver lymphocytes) during the onset and the progression of immune-mediated liver damage. (n=8-

10 mice per group). Percentages (upper panel) of infiltrating CD3+CD69+ (gate was set in total 

liver lymphocytes) and relative numbers (lower panel) of liver CD3+CD69+ cells/106 liver 

lymphocytes (LLCs) during the different phases of ConA-induced liver injury in WT and tpl2-/- 

mice. Data are expressed as the mean ± SEM of 8-10 mice/per time point. (B) Representative flow 

cytometric analysis of activated CD4+ T cells (gated in liver lymphocytes) as defined by 

CD4+CD69+ staining of liver lymphocytes (LLCs) at the indicated time points (n=8-10 mice per 

group). Frequency (upper panel) of infiltrating CD4+CD69+ (percentages) and relative numbers 

(lower panel) of liver CD4+CD69+ cells/106 LLCs following ConA treatment in WT and tpl2-/- 

mice. Data are expressed as the mean ± SEM of 8-10 mice/per time point. 

 

However, detailed examination of flow cytometry data revealed a discernible variation 

between strains in a CD3+CD69+ subpopulation bearing intermediate CD3 expression levels, a 

feature of NKT cells (Fig.4.3A).  As the vast majority of hepatic NKT cells in C57BL/6 mice 



75 
 

express both CD3 and NK1.1 (CD161), a marker of natural killer (NK) cells (227), and 

CD3+NK1.1+ NKT cells confer pathogenic effects on ConA-induced liver injury (21), we analyzed 

tpl2+/+ and  tpl2-/- LMNCs for CD3 and NK1.1 expression by flow cytometry. Strikingly, the results 

revealed progressive accumulation of CD3+NK1.1+ NKT cells in WT mice exposed to ConA that 

was attenuated in tpl2-/- animals (Fig. 4.4A & 4.4B).  Moreover, TPL2-deficient liver NKT cells 

expressed reduced CD69 levels compared to WT equivalents both in untreated and ConA-treated 

mice (Fig. 4.4A). In the same context, CD4+ NKT cells displayed the same pattern of accumulation 

and CD69 expression as CD3+ NKT cells in tpl2-/- mice Fig. 4.4C & 4.4D). In contrast, the 

percentage of CD3-NK1.1+ NK cells remained unaffected by the TPL2 deficiency (Fig. 4.4A & 

4.4C).  
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FIGURE 4.4. TPL2 favours CD3+ NKT and CD4+ NKT cell accumulation injury and 

associated cytokine production during immune-mediated liver injury. (A) Kinetics and 

frequency of liver NKT cell accumulation (upper panel) and activation status (lower panel) in liver 

mononuclear cells (LMNCs) as defined by co-expression of CD3int NK1.1+  (gated in total liver 

lymphocytes) and CD69 (gated in CD3int NK1.1+) respectively in WT and tpl2-/- mice during 

ConA-mediated liver damage. Flow cytometry (FACS) profiles are representative of n=8-10 mice 

per group. (B) Percentage (upper panel) of infiltrating liver NKT cells and relative numbers (lower 

panel) of NKT cells/106 liver lymphocytes (LLCs) during the different phases of ConA-induced 

liver injury in WT and tpl2-/- mice. Data are expressed as the mean ± SEM of 8-10 mice per time 

point. (* p<0.05, ** p<0.01, ***p<0.001). (C) Representative flow cytometric analysis of kinetics 

and frequency of CD4+ NKT cell accumulation (CD4+NK1.1+, left panel) and activation status 

(CD69+, right panel) in LLCs of mice treated with ConA at various time intervals  (n=8-10 mice 

per group). (D) Percentages (upper panel) of infiltrating liver CD4+ NKT cells and relative 

numbers (lower panel) of liver NKT cells/106 liver lymphocytes (LLCs) during the different phases 

of ConA-induced liver injury in WT and tpl2-/- mice. Data are expressed as the mean ± SEM of 8-

10 mice/per time point, * p<0.05, ** p<0.01, ***p<0.001. (E) Serum cytokine levels of IFN-γ and 

IL-4 in WT and tpl2-/-  mice in saline-treated group and 2, 4 or 8 hours after ConA treatment (n=8-

10 per group, *p<0.05, **p<0.01, ***p<0.001; N.D, not detected ) 

 

The effector cytokines IFN-γ and IL-4 which are produced by NKT cells have been 

reported to play important roles in ConA-induced liver pathology by mediating hepatocyte killing 

(22, 228, 229) and neutrophil infiltration (230), respectively. IL-15, a pleiotropic cytokine that 

regulates the development and maintenance of several subsets of innate lymphocytes, has also an 

important role in regulating NKT cell numbers through homeostatic proliferation (231). In 

agreement with these reports, we found decreased serum levels of IL-4, IFN-γ and IL-15 (Fig. 

4.4E) in ConA-treated tpl2-/- mice. 
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We also evaluated whether inhibition of the catalytic activity of TPL2 kinase affects NKT 

cell accumulation during immune-mediated liver injury. Indeed, treatment of WT mice with TPL2 

kinase inhibitor prior to ConA administration resulted in reduced accumulation of NKT but not 

NK cells to a similar extent as in ConA-treated tpl2-/- mice (Fig. 4.5A and 4.5B).   

FIGURE 4.5. Inhibition of TPL2 kinase activity impacts on CD3+ NKT cell accumulation in 

ConA-mediated liver injury (A) Representative FACS analysis showing kinetics and frequency 

of CD3int NK1.1+ NKT cell accumulation in the liver mononuclear population of WT, tpl2-/- and 

WT mice treated with TPL2 inhibitor prior to 8-hour ConA treatment. Gating was set in liver 

lymphocytes (LLCs). (D) Percentange (left) and relative numbers (right) of liver NKT cells/106 of 

liver lymphocytes in WT, tpl2-/- and WT mice treated with TPL2-inhibitor prior to 8-hour ConA 

treatment. Data are expressed as the mean ± SEM of n=4-5 mice/per time point. (* p<0.05, ** 

p<0.01).  

 

To further investigate the role of NKT cells in liver disease pathogenesis, LMNCs were 

also analyzed using CD1d-tetramers loaded with the prototypic iNKT TcR-specific glycolipid 

ligand alpha-galactosylceramide (GalCer), which identify the subset of CD1d-restricted T cells 

expressing the invariant Vα14-Jα18 TCR. Previous studies have shown that NKT cell stimulation 

results in a transient down-regulation of cell surface TcR that may provide a mechanism to avoid 

undesirable consequences of chronic NKT cell activation, including over-production of effector 

cytokines (91). In line with these reported observations, ConA administration in WT animals 

resulted in a transient reduction in the number of LMNCs stained double-positive for CD1dtet and 

TCRβ+ which, however, was largely reversed by 8 hours of treatment (Fig. 4.6).  In contrast, tpl2-

/- mice exposed to ConA showed a more marked and prolonged reduction in the number of CD1dtet 

/ TCRβ+ LMNCs (Fig. 4.6). Assessment of CD69 expression of CD1dtet TCRβ+ gated cells 

demonstrated reduced activation of TPL2-deficient liver iNKT cells both in untreated and ConA-
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treated mice (Fig. 4.6).  These results render TPL2 as a crucial protein for NKT function in 

immune-mediated liver injury.  

 

FIGURE 4.6: TPL2 kinase affects surface receptor down regulation and expansion of iNKT 

cells during immune-mediated liver damage. Representative flow cytometric analysis of 

kinetics and frequency of CD1dtet TCRβ+ iNKT cell accumulation and activation (CD69 

expression of CD1dtet TCRβ+ gated cells) in the liver of WT and tpl2-/- mice treated with ConA at 

various time intervals (n=6-7 mice per group). Percentages and relative numbers of CD1dtet TCRβ+ 

cells/106 liver mononuclear cells (LMNCs) during the different phases of ConA-induced liver 

injury in WT and tpl2-/- mice are shown in the upper and lower right panels, respectively. Data are 

expressed as the mean ± SEM of 6-7 mice per time point, ** p<0.01. 

 

Next, we examined the impact of TPL2 on the distribution of other immune cell 

populations in the liver during ConA-induced fulminant hepatitis.  Flow cytometric analysis of 

cell size and granularity of LMNCs as determined by SSC (Side SCatter) and FSC (Forward 

SCatter) parameters revealed a progressive infiltration of inflammatory cells in the liver of WT 

mice during ConA-mediated liver damage which was reduced in tpl2-/- mice (Fig. 4.7A). In 

agreement, F4/80 staining of liver sections of WT mice demonstrated increased expression of this 

macrophage marker following 24 hours of ConA administration which was particularly evident in 

apoptotic areas but was reduced in livers dissected from tpl2-/- mice (Fig.4.7B).  In addition, 

neutrophil accumulation, as determined by flow cytometric analysis of Gr1highCD11bhigh-

expressing inflammatory cells is also decreased in the liver of ConA-treated tpl2-/- mice (Fig. 
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4.7C). These results are well correlated with the hepatic mRNA expression of neutrophil and 

monocyte chemokines such as CXCL1, CXCL2 and CCL3 (MIP1-) which were found to be 

attenuated in ConA-treated tpl2-/- mice (Fig. 4.7D). 
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FIGURE 4.7. TPL2 ablation of kinase activity results in decreased granulocyte infiltration 

during immune-mediated liver damage. (A) Flow cytometric analysis of liver mononuclear cells 

(LMNCs) as defined by SSC (Side SCatter) and FSC (Forward SCatter) parameters in WT and 

tpl2-/- mice during ConA-mediated liver damage. Flow cytometry (FACS) profiles are 

representative of n=8-10 mice per group, (B) Representative (n=8) IHC analysis using a F4/80 

antibody (mouse macrophage marker) in livers from WT and tpl2-/- mice treated with saline or 

ConA for 8 and 24 hours. (100x magnification), (C) Representative flow cytometric analysis of  

kinetics and frequency of neutrophil (Gr1high CD11bhigh) accumulation in the liver of WT and tpl2-

/- mice treated with ConA at various time intervals (n=8-10 mice per group). Percentages (upper 

panel) of infiltrating neutrophils and relative numbers (lower panel) of Gr1highCD11bhigh cells/106 

liver mononuclear cells (LMNCs) during the different phases of ConA-induced liver injury in WT 

and tpl2-/- mice. Data are expressed as the mean ± SEM of 8-10 mice/per time point, * p<0.05, ** 

p<0.01. (D) Quantitative Real-Time PCR for CXCL2, CXCL1 and CCL3 mRNA expression in 

the liver of WT mice treated with saline or ConA at the indicated time points. (Data are expressed 

as the mean ± SEM of n=8 mice/per time point, * p<0.05, **p<0.001). 

 

Further support for these findings was obtained with administration of TPL2 kinase 

inhibitor. Inhibition of its catalytic activity mirrored the effects of TPL2 ablation on ConA-induced 

neutrophil recruitment as shown by flow cytometric analysis of  Gr1high CD11bhigh cells in the liver 

of WT mice treated with ConA and TPL2 inhibitor or vehicle co ntrol (Fig. 4.8).  

 

FIGURE 4.8. TPL2 ablation or inhibition of TPL2 kinase activity results in decreased 

granulocyte infiltration during immune-mediated liver damage. Administration of TPL2 

kinase inhibitor prior to ConA treatment leads to reduced neutrophil accumulation in the livers of 
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WT mice. Flow cytometric analysis of  Gr1highCD11bhigh cells in the liver of WT mice treated with 

ConA and TPL2 inhibitor or vehicle control (n=4-5 mice per group). Percentages (upper panel) of 

infiltrating neutrophils and relative numbers (lower panel) of Gr1highCD11bhigh cells/106 liver 

mononuclear cells (LMNCs) during the different phases of ConA-induced liver injury in WT mice 

treated with ConA and TPL2 inhibitor or vehicle control. Data are expressed as the mean ± SEM 

of 8-10 mice/per time point, * p<0.05, ** p<0.01.  

 

Collectively these obsevations underscore a crucial role for TPL2 in orchestrating immune 

homeostasis and disease pathogenesis in the liver.  

 

TPL2 expression in NKT cells determines their pathogenic function during ConA-induced 

fulminant hepatitis.  

On the basis of the aforementioned findings we hypothesized that TPL2 may impact on 

immune-mediated liver injury by regulating the function of CD3+NK1.1+ NKT cells. To address 

his hypothesis we performed adoptive transfer of WT or TPL2-deficient NKT cells into CD1d-/- 

recipients (Fig. 4.9A) which lack NKT cells and are protected from ConA-induced fulminant 

hepatitis (21) (Fig. 4.9B). In line with previous reports (21), the partial re-constitution of the NKT 

cell pool in CD1d-/- mice partly restored their responsiveness to ConA, evidenced by elevated 

serum ALT/AST levels ((21) and Fig. 4.9B). In comparison, the adoptive transfer of TPL2-

deficient NKT (NKTtpl2-/-) cells led to significantly reduced response of CD1d-/- mice to ConA 

(Fig. 4.9B). Disease amelioration was accompanied with decreased levels of IL-4 and IFN-γ in the 

serum (Fig. 4.9C) and reduced numbers of infiltrating neutrophils in livers of NKTtpl2-/- - treated 

CD1d-/- mice (Fig. 4.9D and 4.9E). Collectively, these results indicate that expression of TPL2 in 

NKT cells mediates their pathogenic role during immune mediated liver injury. 



82 
 

 

FIGURE 4.9. TPL2 kinase regulates NKT cell function in vivo. (A) Schematic representation 

of experimental adoptive transfer procedure of WT or tpl2-/- NKT cells into CD1d-/- recipients 

followed by 8 hour ConA treatment. WT and CD1d-/- mice treated with ConA were used as 

controls. (B) Graphs showing the absolute values of serum ALT and AST levels after ConA 

injection with or without adoptive transfer. Absence of TPL2 kinase in NKT cells prevented severe 

development of ConA-induced liver injury in CD1d-/- mice. Data are expressed as the mean±SEM 

of n=8-10 for each group, (* p<0.05, ** p<0.01, ***p<0.001). (C) Serum cytokine levels of IFN-

γ and IL-4 in CD1d-/- mice  or CD1d-/- mice followed adoptive transfer procedure of WT or tpl2-/- 

NKT cells by 8 hour ConA treatment (n=8-10 per group, * p<0.05,  ***p<0.001). (D) 

Representative flow cytometric analysis (n=4) of Gr1highCD11bhigh cells (gated in total liver 

mononuclear cells) in the liver of CD1d-/- mice treated with saline as vehicle control or with ConA 

for 8 hrs or adoptively transferred with WT and tpl2-/- NKT followed by 8 hour ConA 

administartion. CD1d-/- mice that received tpl2-/- NKT cells display decreased neutrophil 

accumulation in the liver as CD1d-/- alone following ConA treatment. (E) Percentage (upper) and 

relative numbers (lower) of liver Gr1highCD11bhigh in CD1d-/- mice treated with saline as vehicle 

control or with ConA for 8 hrs or adoptively transferred with WT and tpl2-/- NKT prior to 8-hour 

ConA treatment. Data are expressed as the mean ± SEM of n=2-6 mice/per group. (* p<0.05, ** 

p<0.01).  
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TPL2 kinase is obligatory in pathogenic invariant NKT (iNKT) cell function. 

It is well established that NKT cells have a pivotal role in shaping both innate and adaptive 

immune responses as they represent a group of T lymphocytes with surface markers and 

characteristics typical of innate immune cells with highly potent immunoregulatory properties 

(219, 232, 233). NKT cells comprise two main subpopulations with opposing roles in immune-

driven liver diseases, type I (invariant NKT) and type II NKT cells.  The former confer pathogenic 

effects during ConA-induced hepatitis which are antagonized by type II NKT cells (124). The 

observation that TPL2 operates within the CD3+NK1.1+ NKT cell compartment to mediate liver 

injury (Figure 4) prompted us to explore more specifically the in vivo role of TPL2 in iNKT cell 

function by using the prototypic iNKT TcR-specific glycolipid ligand alpha-galactosylceramide 

(GalCer) presented by the major histocompatibility complex class I-like molecule CD1d (36, 44). 

Mice immunized with GalCer undergo mild hepatitis as reflected by the progressive increase in 

plasma ALT/AST, reaching maximal levels between 16 and 24 hours after administration ((117) 

and Fig. 5A). In comparison, mice lacking TPL2 were found to possess 2-3 fold lower serum 

ALT/AST levels following GalCer administration (Fig. 4.10A).  When activated, iNKT cells 

respond to GalCer within 2 hours of TCR ligation, by producing copious amounts of effector 

cytokines including IL-4, IL-6 and TNF-α, followed by IFN- which orchestrate the licensing and 

activation of other immune cells (104, 227, 234). On the other hand, TPL2-deficient mice exposed 

to GalCer displayed significantly reduced serum levels of these cytokines (Fig. 4.10B). 

Congruent with this defect, the number of neutrophils (Fig. 4.10C) and the activation of liver 

CD3+, CD4+ and CD19+ cells (Fig. 4.10D) were attenuated in tpl2-/- compared to WT mice 

challenged with this iNKT cell ligand. These results provide direct evidence for an important role 

of TPL2 kinase in iNKT cell activation and iNKT-associated cytokine production. 
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FIGURE 4.10. TPL2 ablation impacts on hallmarks of iNKT cell function in immune-

mediated liver pathology. (A) Serum ALT and AST levels assessed 24 hours after injection with 

100mg/kg αGalCer or saline as vehicle control (n=8-10 per group, ** p<0.01, ** *p<0.001). (B) 

Serum cytokine levels in WT and tpl2-/- mice at 8 or 24 hours after αGalCer treatment. Data are 

expressed as the mean±SEM of each group. (n=10, *p<0.05, ***p<0.001). (C) Representative 

flow cytometry profiles (upper panel) showing percentages of neutrophils (Gr1highGD11bhigh) 

gated in total LMNCs from WT and tpl2-/- mice upon iNKT cell activation. Graph (lower panel) 

with percentages (left) and relative numbers (right) of neutrophils/106 LMNCs in WT and tpl2-/- 

mice during the different phases of αGalCer treatment (n=6 mice per group, *p<0.05, **p<0.01). 

Data are expressed as the mean±SEM. (D) Activation status of CD3+ and CD4+ T cells and B 

lymphocytes (CD19+) gated in LLCs of WT and tpl2-/- mice immunized with 100mg/kg αGalCer. 

Representative histographs (upper panel) showing relative CD69 expression of CD3+T, CD4+ T 

and CD19+ B cells as assessed 8 and 24 hours after αGalCer immunization (n=6 mice per group). 

Graph in lower panel shows percentages of activated CD3+T, CD4+ T and CD19+ B cells (WT, 

black bars; tpl2-/-, white bars). Columns represent arithmetic mean, error bars show standard error 

of the mean, and statistical significance was tested by unpaired t test; *p<05, **p<0.01; *** 

p<0.001. 
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  To further assess the functional importance of this finding, we performed in vitro 

experiments with primary splenocyte and LMNC cultures isolated from WT and tpl2-/- mice and 

exposed to the iNKT-prototypic ligand αGalCer. Stimulation of WT splenocytes and LMNCs 

resulted in increased expression of TPL2 compared to untreated cells indicating that TPL2 

responds to iNKT TcR activation (Fig. 4.11A). Congruent with previous findings, TPL2-deficient 

splenocytes and LMNCs treated with GalCer produced lower levels of IL-4 and IFN- compared 

to WT cultures (Fig. 4.11B).   

As GalCer is presented to iNKT TcR by CD1d expressed on dendritic cells (DCs), the 

diminished response of tpl2-/- mice, splenocytes and LMNCs to GalCer could be attributed to 

iNKT cell-autonomous mechanisms, defects in GalCer presentation by DCs or both. To dissect 

cell-specific roles of TPL2 in this effect, DCs from WT and tpl2-/- mice were exposed to GalCer 

in vitro and then co-cultured with tpl2+/+ and tpl2-/- NKT cells in all possible combinations. The 

results showed that cultures of tpl2-/- NKT cells in combination with either tpl2+/+ or tpl2-/- DCs 

released lower levels of IL-4 and IFN- than cultures of tpl2+/+ NKT cells (Fig. 4.11C).  CD1d 

expression on DCs did not differ between strains and similar levels of IL-12 were produced by 

tpl2+/+ and tpl2-/- DCs pulsed with GalCer in vitro when co-cultured with tpl2+/+ and tpl2−/− NKT 

cells respectively (Fig. 4.11D and 4.11E) and in GalCer-administered tpl2+/+ and tpl2-/- mice in 

vivo (Fig. 4.11F). Collectively, these data demonstrate that the expression of TPL2 in iNKT cells 

modulates their effector function.   
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FIGURE 4.11. TPL2 kinase is essential for NKT effector responses in vitro. (A) Western blot 

showing TPL2 expression in WT and tpl2-/- splenocytes and LMNCs after 24 hours of in vitro 

culture in the presence of αGalCer. (B) Levels of IL-4 and IFN-γ secreted from WT and tpl2-/- 

splenocyte and LMNC cultures following a-24 hour NKT cell activation with αGalCer. (C) Levels 

of secreted NKT-cell associated cytokines from 24-hour co-cultures of αGalCer-pulsed dendritic 

cells (DC) and NKT cells. CD11c+ DCs were sorted (purity >90%) from LMNCs of untreated WT 

or tpl2-/- mice, pulsed with αGalCer (100ng/ml) for 18 hours and co-cultured with sorted NKT 

cells (purity>95%) from LMNCs of WT or tpl2-/- mice at a 1:2 ratio in all possible combinations. 

Supernatants were collected at 24 hours of culture and assessed for the presence of IL-4 and IFN-

γ. Graphs represent replicate measurements with data from 4 independent experiments. Statistical 

significance was tested by one way ANOVA; *p<0.05, **p<0.01. (D) Expression levels of CD1d 

molecule in CD11c+ DCs was evaluated in LMNCs of WT or tpl2+/+ mice by flow cytometry. A 

representative histogram of FACS analysis is demonstrated. Gate is set on CD11c+ cells. (E) WT 

or tpl2-/- LMNC-sorted CD11c+ DCs were pulsed with αGalCer (100ng/ml) for 18 hours and co-

cultured with LMNC-sorted WT or tpl2-/- NKT cells respectively, at a 1:2 ratio for 24 hours. Levels 

of IL-12p70 were measured in co-culture supernatants by ELISA. Results are expressed as 

mean±SEM of two independent experiments; ns= not significantly different. (F) Serum cytokine 

levels of IL-12p70 in the serum of WT and tpl2-/- mice at 8 or 24 hours after αGalCer treatment. 

Data are expressed as the mean±SEM of each group. (n=10, ns= not significantly different) 
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TPL2 ablation does not influence iNKT cell development in the thymus. 

iNKT cell selection and development takes place in the thymus through a developmental 

program distinct from conventional T cells (67). The earliest iNKT cell population to emerge 

(developmental stage 0) expresses CD24 and binds glycolipid antigen-loaded CD1d tetramer 

(CD1d tet+). In stage 1, CD24 is down-regulated and the cells enter into a proliferative phase during 

which they up-regulate CD44 and rapidly enter stage 2. The final maturation step, stage 3, is 

defined by the upregulation of NK1.1 (67, 227). We examined the impact of TPL2 ablation on 

iNKT cell development by performing flow cytometric analysis of thymocytes isolated from WT 

and tpl2-/- mice and gated in CD1dtet+ for stage 0 and in CD24loCD1dtet+ for stages 1, 2 and 3. As 

shown in Figures 4.12A & 4.12B, the differentiation process and numbers of mature iNKT cells 

in the thymus did not differ between strains.  Moreover, the activation status (CD69+) of the thymic 

CD3+NK1.1+ pool was similar in WT and tpl2-/- mice (Fig. 4.12C).  Therefore, we assume that 

TPL2 does not influence iNKT cell development in the thymus.  We next examined whether the 

expression of TPL2 kinase is different in thymic NKT cells compared to the periphery. 

Interestingly, the tpl2 mRNA expression levels in thymic NKT cells were found to be dramatically 

reduced compared to liver iNKT cells (Fig. 4.12D) indicating that TPL2 may typify late stages of 

immune cell maturation, a possibility that warrants further investigation. 
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FIGURE 4.12.  Characterization of the developmental stages of iNKT cells in the absence of 

TPL2. (A) Flow cytometric analysis of developmental intermediates of thymic iNKT cells is 

demonstrated based on the expression of CD1dtet, CD24, CD44 and NK1.1. The upper plots show 

thymic cells gated on CD1dtet+ (stage 0) and lower plots are gated in CD1dtet+CD24lo and 

characterize stage 1, stage 2 and stage 3. (B) Thymic WT and tpl2-/- NKT cells as defined by 

CD3+NK1.1+ staining and (C) expression of CD69 were assessed by flow cytometry. One 

representative analysis is shown (n=4 mice/per group). (D) Relative mRNA levels of TPL2 as 

assessed by qPCR in thymic iNKT and liver iNKT cells. Data are expressed as mean±SEM and 

results are combined from three independent experiments. Statistical significance was tested by 

unpaired t test; **p<0.01. 

 

TPL2 kinase activity is required for IL-4 and IFN- gene expression in iNKT cells by 

regulating ERK and Akt signals. 

On the basis on the aforementioned findings, we aimed to expand our understanding of the 

mechanisms of iNKT cell activation. To gain insight into the mechanism by which TPL2 

influences pathogenic iNKT cell functions, we have explored GalCer-induced signal 

transduction in the mouse NKT hybridoma cell line DN32.D3 engineered to express CD1d 

permanently (38). GalCer-stimulated DN32.D3 cells express IL-2 and up-regulate genes (Il4, 

Il10, Ifng) encoding cytokines that define classic iNKT cell activation. (235). Treatment of 

DN32.D3 cells with TPL2 kinase inhibitor prior to GalCer stimulation led to a dramatic reduction 

in secreted IL-2 (Fig. 4.13A). This treatment also led to reduced IL-4 secretion (Fig. 4.13A) and 

il4 mRNA expression (Fig. 4.13B) and intracellular IL-4 protein levels (Fig.4.13C). Similar results 

were obtained for IFN- secretion and expression (Fig. 4.13A and 4.13B) following αGalCer 

treatment, mirroring the effects of TPL2 ablation on GalCer responses in vivo and in primary 

cultures of splenocytes and LMNCs (Fig. 4.10B and 4.11B&C). 
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FIGURE 4.13. TPL2 regulates ERK1/2, Akt, STAT1 and STAT6 signaling and modulates 

NKT cell-associated cytokine production following NKT cell activation. (A) Culture 

supernatants of DN32.D3 cells treated with TPL2 inhibitor or vehicle control (DMSO) in the 

presence or absence of αGalCer were collected and analysed for production of the NKT cell-

associated cytokines IL-4, IFN-γ and IL-2 by ELISA. Results are representative of 3 independent 

experiments, *p<0.05, **p<0.01. (B) Quantitative Real-Time PCR for IL-4 and IFN-γ mRNA in 

DN32.D3 cells treated with TPL2 inhibitor in the presence or absence of αGalCer. A representative 

graph of 3 independent experiments, each performed in duplicate, is shown. (C) DN32.D3 cells 

were stimulated with αGalCer and TPL2 inhibitor or vehicle control for 12 hours. Cells were 

incubated with momensin or brefeldin A for 4 hours to block cytokine secretion, stained for IL-4 

and cell surface markers as indicated and were analysed by flow cytometry. Gating was set in 

CD1dtet+TCRβ+ cells (upper). Lower graph shows the percentage of CD1dtet+TCRβ+ IL-4 

expressing cells following treatment with αGalCer and TPL2 inhibitor or vehicle control for 12 

hours. Data are expressed as the mean ± SEM of n=4. (** p<0.01).  

 

Subsequently, we proceeded to identify GalCer-induced signaling pathways affected by TPL2 

kinase inhibition and define their functional roles in IL-4 and IFN- expression. We have found 

that GalCer treatment of DN32.D3 cell line, leads to phosphorylation of ERK1/2, Akt and its 

downstream target GSK3β, but not of JNK, p38 or IKK/IB, which was attenuated by TPL2 

kinase inhibition (Fig. 4.14A & 4.14C). Reduced phosphorylation of ERK1/2, Akt and GSK3β 
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was also observed in GalCer-treated primary tpl2-/- compared to tpl2+/+ splenocyte cultures (Fig. 

4.14B), supporting the results of the inhibitor studies in DN32.D3 NKT hybridoma cells (Fig. 

4.14C). 

It is well established that Akt is activated downstream of phosphatidylinositol-3 kinase 

(PI3k) and ERK is directly phosphorylated by MEK. To explore the impact of the MEK-ERK and 

PI3k-Akt signaling pathways on IL-4 and IFN- expression, DN32.D3 cells were exposed to the 

MEK inhibitor UO126 or the PI3k inhibitor Wortmannin (Wm) prior to GalCer stimulation. 

Inhibition of either MEK or PI3k reduced but did not eliminate secreted IL-4 compared to cells 

treated with GalCer alone. This observation coupled with the partial effect of TPL2 inhibitor on 

GalCer-mediated IL-4 synthesis (Fig. 4.14D, left panel) indicates the contribution of TPL2-

independent pathways in IL-4 regulation.  In contrast, GalCer-induced IFN-production was 

abolished by UO126 and TPL2 kinase inhibitor but remained unaffected by Wm (Fig. 4.14D, right 

panel). Under these conditions of inhibitor treatment, UO126 attenuated GalCer-mediated ERK 

but not Akt phosphorylation and Wm inhibited Akt and its downstream target GSK3 but not ERK 

activation (Fig. 4.14C), excluding a cross-talk between these signaling pathways downstream of 

TPL2.   
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FIGURE 4.14: Inhibition of TPL2 kinase activity affects ERK1/2 and Akt signaling 

pathways in iNKT cells. (A) DN32.D3 cells were treated with TPL2 inhibitor or vehicle control 

and further stimulated with αGalCer at various time points. Protein lysates were collected and 

analyzed for the indicated signaling molecules. β-actin is used as a control for equal loading. Data 

are representative of three independent experiments. (B) Splenocytes from WT and tpl2-/- mice 

were cultured in the presence or absence of αGalCer at the indicated time points cell extracts were 

analysed for phosphorylated and total ERK1/2 and Akt respectively and for phosphorylated 

GSK3β-Ser9 (inactive form) with GAPDH serving as control for equal loading. Results are 

representative of three independent experiments. (C) DN32.D3 cells were treated with TPL2-

inhibitor, UO126, Wortmannin (Wm) or control vehicle in the presence or absence of αGalCer for 
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60 min and cell extracts were analysed for phosphorylated and total ERK1/2 and Akt respectively 

and for phosphorylated GSK3β-Ser9 (inactive form) with β-actin serving as control for equal 

loading. Results are representative of 3 independent experiments. (D) IL-4 and IFN-γ production 

measured by ELISA in culture supernatants collected from DN32.D3 treated with TPL2 inhibitor, 

UO126, Wm or vehicle control followed by αGalCer treatment for 24 hours. Results are 

representative of 3-5 independent experiments. (**p<0.01, ***p<0.001). 

 

It is well documented that IL-4 and IFN- activate the transcription factors STAT6 and 

STAT1 respectively. Exposure of DN32.D3 cells to GalCer led to robust phosphorylation of 

STAT1 and STAT6, but not STAT3, which was abolished upon neutralization of IFN-and IL-4 

respectively (Fig. 4.15A-4.15D). Congruent with the effects of kinase inhibitors on IL-4 synthesis 

(Fig. 4.14D), treatment of DN32.D3 cells with UO126, Wm or the TPL2 inhibitor attenuated the 

GalCer-mediated induction of STAT6 phosphorylation (Fig. 4.15A and Fig. 4.15D). Notably, 

GalCer-induced STAT1 phosphorylation was inhibited by treatment with UO126 or TPL2 kinase 

inhibitor but not Wm (Fig. 4.15A and 4.15D). These data suggest that both the TPL2/Akt and 

TPL2/ERK pathways are implicated in IL-4 regulation and identify TPL2/ERK as the signaling 

axis required for IFN-synthesis in iNKT cells. 
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FIGURE 4.15: Inhibition of TPL2 kinase activity decreases STAT1 and STAT6 activation in 

iNKT cells. (A) DN32.D3 cells were activated with αGalCer in the presence of TPL2 inhibitor or 

vehicle control. Western blot for phosphorylated and total STAT1, STAT6 and STAT3 was 

performed. β-actin is used as a control for equal protein loading. Data are representative of three 

independent experiments. (B) & (C) DN32.D3 cells were stimulated with αGalCer in the presence 

of neutralizing antibodies against IL-4 or IFN-γ as indicated. Culture supernatants and protein 

lysates were collected and analyzed with ELISA for IFN-γ and IL-4 secretion (B) and Western 

blot for phosphorylated and total STAT1 and STAT6 respectively (C). β-actin is used as a control 

for equal loading. Data are representative of three independent experiments. (D) DN32.D3 cells 

were treated with kinase inhibitors prior to stimulation with αGalCer for 5 and 12 hrs respectively. 

Cell lysates were immunoblotted for phospho-STAT6, STAT6, phospho-STAT1, STAT1 and β-

actin as loading control. Results are representative of 3 independent experiments.  
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TPL2 transduced signals target the il4 and ifng-regulating transcription factors JunB and 

NFAT. 

In T cells, IL-4 transcription is orchestrated by GATA3-mediated chromatin remodeling 

which enables binding of c-Maf and NFAT:AP1 to the il4 promoter.  NFAT is activated by TPL2 

overexpression (157) but whether it is a physiological target of TPL2 remains unknown. JunB is a 

component of the NFAT:AP-1 transcriptional complex that regulates il4 transactivation in mouse 

T cells (236, 237), is upregulated in GalCer-stimulated iNKT cells and required for the 

transcription of the IFN- gene (238). Based on these premises we analyzed the impact of 

inhibition of TPL2 kinase activity on GalCer-induced transcription factor engagement in 

DN32.D3 cells. The results showed that TPL2 is required for the nuclear translocation of NFAT 

(Fig. 4.16A) and GalCer-mediated up-regulation of JunB (Fig. 4.16B) but not of GATA3 and c-

Maf (Fig.4.16C). On the other hand, ERK has been implicated in up-regulation of JunB in response 

to CD30 ligation (239) and the PI3k-Akt signaling pathway inhibits GSK3β, the protein kinase 

that phosphorylates NFAT and promotes its export from the nucleus (240). As demonstrated 

previously, TPL2 is required for the activation of both ERK and Akt signals in GalCer-stimulated 

iNKT cells (Fig. 4.14A-4.14C). Therefore, we analyzed the effect of UO126 and Wm on JunB up-

regulation and NFAT localization respectively. As shown in Figure 4.16B, inhibition of the 

MEK/ERK axis leads to a profound reduction in GalCer-induced junB mRNA levels, similar to 

the effect of TPL2 inhibitor treatment. Immunoblot analysis of nuclear protein extracts isolated 

from GalCer-stimulated DN32.D3 cells revealed a dramatic reduction in NFAT levels following 

TPL2 or Wm inhibitor but not in the case of UO126 administration (Fig. 4.16A).  
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FIGURE 4.16. TPL2 signal transduction targets JunB and NFAT following NKT cell 

activation. (A) Western blot for nuclear NFAT expression in DN32.D3 cells treated with kinase 

inhibitors and stimulated or not with αGalCer for the indicated time points. Proteins were harvested 

following nuclear fractionation and probed with anti-NFATc1 or anti-Sp1 as nuclear loading 

control. Results are representative of 3 independent experiments. (B) Quantitative Real-Time PCR 

for JunB expression in DN32.D3 cells treated with TPL2 inhibitor, UO126 or vehicle control 

(DMSO) followed by αGalCer stimulation for 5 hours. Results are representative of 3 independent 

experiments. (***p<0.001). (C) Expression analysis by Quantitative Real-Time PCR for c-MAF 

and GATA-3 in DN32.D3 cells treated with TPL2 inhibitor or vehicle control (DMSO) followed 

by αGalCer stimulation for 5 and 8 hours. Results are representative of 2 independent experiments.  

 

We conclude that the ifng and il4-regulating transcription factors JunB and NFAT are 

targets of the TPL2/ERK and TPL2/Akt signaling pathways respectively (Fig. 4.17). Collectively, 

data presented herein demonstrate that TPL2 is required for NKT signaling on the ERK and Akt 

axis leading to JunB and NFAT-dependent transcriptional activation of the effector cytokines IL-

4 and IFN- which play important roles in liver pathology by mediating inflammatory processes. 
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FIGURE 4.17. Proposed model of TPL2-regulated iNKT cell activation during immune-

mediated liver injury. iNKT cell–derived IFN-γ and ΙL-4 are orchestrators of the pathogenic 

functions of iNKT cells in the liver. TPL2 controls iNKT TcR signaling on the MEK/ERK axis 

thereby influencing the levels of JunB which contributes to both IFN-γ and IL-4 expression and 

the ensued phosphorylation of STAT1 and STAT6 respectively. TPL2 is also required for the 

engagement of the Akt-GSK3β pathway leading to NFAT activation that contributes to IL-4 

expression.  A TPL2 and ERK/AKT-independent iNKT TcR pathway (not shown) may also 

contribute to IL-4 synthesis. 
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CHAPTER II 

The role of TPL2 kinase in the initiation and progression of hepatocellular carcinoma  

As mentioned in the introduction, TPL2 operates as a critical regulator of inflammatory 

and oncogenic pathways. The majority of hepatocellular carcinoma develops on the background 

of inflammation. The mechanisms driving the progression of inflammatory liver diseases to 

hepatocellular carcinoma are not fully defined. In this chapter, we intended to study the potential 

role of TPL2 in the initiation and progression of chemical-induced hepatocellular carcinoma 

(HCC) and dissect into the mechanisms implicated in the development of HCC. 

 

 

TPL2 kinase does not play a critical role in the development of chemical-induced HCC 

As we aimed to explore the potential role of TPL2 kinase in the development of 

hepatocellular carcinoma, we used the experimental model of diethylnitrosamine (DEN)-induced 

HCC. For this purpose, WT and tpl2-/- male mice received DEN intraperitoneally (i.p.) with a 

single dose of 25 mg/kg at 2 weeks of age (Figure 4.18). DEN acts as a complete hepatic 

carcinogen when administered to mice 15 days after birth (30). In order to investigate the role for 

TPL2 kinase in this process, we analyzed hepatic lesions across a 30wk to 40wk time-course of 

DEN-induced disease in both WT and tpl2-/- male (Fig. 4.18A). The contribution of inflammatory 

mechanisms in this model is established by cytokine-driven compensatory proliferation that 

promotes chemical hepatocarcinogenesis (31, 241). 
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C    

                 

4.18. TPL2 ablation does not affect the development of DEN-induced hepatocellular 

carcinoma. (A) Experimental protocol of DEN induced HCC. WT and tpl2-/- mice received an i.p 

injection of 25mg/kg of DEN on day 15 of their birth. Livers were collected from WT and tpl2-/-, 

30wk and 40wk after DEN administration to be analyzed for hepatic lesions. (B) Representative 

images of livers of WT and tpl2-/- mice treated with 25mg/kg DEN for 30 wk or 40 wk showing 

macroscopic signs of tumor development especially at 40 wk after DEN administration. (C) 

Percentages of average number of tumors (left panel) and percentage of ratio of liver/body weight 

(right panel). Data are expressed as the mean ± SEM of 8-10 mice per time point. 
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Contrary to our expectations, we did not observe any significant differences in HCC 

development between TPL2-proficient and deficient mice. The phenotypic outcome exhibited 

variation in terms of tumor number and size but primarily both strains displayed similar 

progression to aggressive HCC (Fig. 4.18B). These data suggest that there is no significant role 

for TPL2 in chemical-induced hepatocellular carcinoma. 
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CHAPTER I 

The liver is widely recognized for its significant metabolic function but also as an 

important site for immune responses due to the presence of a  high number of immune cells and 

rapid defense system (7). Numerous studies have reported that immune-mediated liver injury plays 

a central role in the pathophysiology of many liver diseases (16). Acute hepatitis is characterized 

by a strong innate inflammatory response which induces hepatocyte death and compensatory 

proliferation and fibrosis that represent a strong risk factor for the development of hepatocellular 

carcinoma (26). In this regard, the hepatic innate immune responses have to be tightly balanced 

during acute hepatitis without causing fatal liver damage or persisting low-grade inflammation and 

cancer. Therefore, immune-mediated hepatitis represents a major health burden and cause of 

mortality worldwide (242), reflecting the need for improved understanding of the cellular and 

molecular mechanisms underlying disease pathogenesis and development of evidence-based 

therapeutic strategies. 

NKT cells are involved in the regulation of a range of physiological and pathological 

immune responses, including anti-tumor, anti-microbial and autoimmune responses (67, 227). The 

remarkable enrichment of NKT cells in mouse liver has attracted significant attention and 

accumulating evidence suggests that NKT cells are important regulators of various liver diseases 

(243). Previous studies have revealed opposing roles for NKT subtypes in the regulation of 

immunogenic versus tolerogenic outcomes and identified invariant NKT (iNKT) cells as 

orchestrators of the initiation and maintenance of hepatic inflammation underpinning liver 

damage. However, the intracellular pathways that mediate the pathogenic function of iNKT cells 

remain obscure. The novel finding we have demonstrated herein, is that TPL2, a MAP3 kinase 

that has mostly been appreciated for its physiological role in macrophage responses, is a crucial 

signaling factor in iNKT cells and major mediator of hepatic inflammation. 
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Mouse models are instrumental in advancing our understanding of the basic mechanisms 

of liver homeostasis and disease (242). By combining mouse genetics with established 

experimental models of liver inflammation involving ConA (20) or αGalCer (244) administration, 

we have unraveled a novel function of TPL2 in regulating the expression of effector cytokines 

during acute hepatitis, which could potentially benefit the development of new therapies. Initially 

our results showed that genetic ablation of TPL2 protects mice from ConA-induced liver injury 

(Figure 4.1). This phenotype is in line with two studies published during the time frame of this 

project, demonstrating that TPL2 positively regulates liver fibrosis and acetaminophen-induced 

liver injury (182, 245). In addition, our work has shown that ConA treatment induces TPL2 

expression in liver, and up-regulation of cytokines such as TNF, IL-6 and the NKT-associated 

cytokines IFN-γ and IL-4 in a TPL2-dependent manner. These mediators of immune function are 

critical for Con A-induced hepatic injury due to their ability to facilitate inflammatory responses 

(Fig 4.1 and 4.4E). 

A functional link between TPL2 and iNKT cell-mediated pathology was inferred by the 

observation that TPL2 is required for the accumulation of CD3+NK1.1+ NKT cells in the liver and 

the development of fulminant hepatitis in mice exposed to ConA (Fig.4.4A and Fig. 4.6). Whilst 

NKT cells are phenotypically diverse, we have focused on CD3+NK1.1+ NKT cells given their 

established pathogenic role in liver injury in C57BL/6 mice (21). Increased numbers of hepatic 

NKT cells have been documented in patients with autoimmune liver diseases (122) and genetic 

ablation of NKT cells in the mouse alleviates the deleterious effects of ConA on liver injury (21). 

Activated iNKT cells produce large amounts of the effector cytokines IFN-γ and IL-4 that play 

important roles in ConA-induced liver pathology by mediating hepatocyte killing (22, 228, 229) 

and neutrophil infiltration (230) respectively. Data presented in this study show that TPL2 

regulates hallmarks of iNKT cell activation in vivo, as evidenced by the reduction in circulating 

levels of IL-4 and IFN-γ (Fig.4.4E) and in hepatic accumulation of neutrophils in ConA-treated 
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tpl2-/- mice (Fig. 4.7C). Additionally, we demonstrated that expression of TPL2 kinase in NKT 

cells mediates their pathogenic role during immune-mediated liver injury.  

The functional importance of intrinsic expression of TPL2 kinase in NKT cells emerged 

by performing adoptive transfer of WT or TPL2-deficient NKT cells into CD1d-/- recipients which 

lack NKT cells and are protected from ConA-induced fulminant hepatitis (21). In line with these 

associations, the adoptive transfer of  tpl2-/- NKT cells in NKT cell-deficient animals was largely 

ineffective in restoring susceptibility to the disease compared to that of TPL2-proficient NKT cells 

(Fig.4.9). However, the observation that TPL2 ablation alleviates but does not abolish ConA-

mediated liver injury (Fig. 4.9) indicates the operation of additional kinase pathways controlling 

immune-mediated hepatitis in this mouse model. 

The term “NKT cells” represents a poor definition of this broad immune cell population 

which are better assigned to Type I, Type II and NKT-like cells. This raised the question of which 

NKT cell subset contributes significantly to the observed TPL2-dependent phenotype. Previous 

studies have shown that iNKT cells play an important pathogenic role in the development of 

immune-mediated liver damage, as evidenced by the resistance of Ja18-/- mice which lack only 

iNKT cells to Con A-induced hepatitis of (21, 22). Relied on this evidence, we decided to focus 

on the role of TPL2 in type I (iNKT) cell population.  iNKT cells respond vigorously to glycolipid 

antigens presented by CD1d on APCs, including αGalCer (36, 44, 227). Mice immunized with 

αGalCer undergo mild hepatitis associated with elevated levels of liver transaminases and pro-

inflammatory cytokines, IL-4-dependent neutrophil infiltration, activation and licensing of other 

immune cell types and induction of hepatocyte killing (117, 118). TNF-α and IFN-γ have been 

identified as important mediators of hepatic injury in this model, an effect mediated by increased 

expression of Fas ligand (CD178) in iNKT cells (117) and Fas (CD95) and STAT1-IRF1 in 

affected hepatocytes (118). To further determine the functional significance of αGalCer-induced 

TPL2 expression in splenocytes and LMNCs, we compared the severity of liver injury in WT 
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versus tpl2-/- mice following αGalCer treatment. Data presented herein demonstrate that TPL2 

ablation alleviates the aforementioned pathogenic effects of the iNKT-specific ligand αGalCer in 

vivo, including TNF-α synthesis, and reduces IL-4 and IFN-γ production in vivo (Fig. 4.10), as 

well as in primary splenocyte and liver mononuclear cell cultures in vitro (Fig. 4.11). In line with 

the previous results, orchestration of the licensing and activation of other immune cells involving 

CD3+, CD4+, B cells and neutrophils was defective in tpl2-/- mice (Fig. 4.10).  

However, the diminished response of tpl2-/- mice, splenocytes and LMNCs to αGalCer 

could be attributed to iNKT cell-autonomous mechanisms, defects in αGalCer presentation by DCs 

or both. It is established that αGalCer binds effectively to CD1d expressed on dendritic cells, and 

the complex of glycolipid plus CD1d is recognized by iNKT-cell TCR leading to their activation 

(44). These findings prompted us to address the relative contribution of TPL2 to the effector 

functions of iNKT cells vs DCs. By using a co-culture system of αGalCer pulsed tpl2+/+ and tpl2-

/- DCs and NKT cells in all possible combinations, we have excluded defects in αGalCer 

presentation by DCs as drivers of reduced effector cytokine synthesis by tpl2-/- iNKT cells (Fig. 

4.11C). Collectively, these observations directly link TPL2 to pathogenic iNKT cell function. 

The profound protective outcomes of TPL2 ablation in experimental models of fulminant 

(ConA) and mild (GalCer) hepatitis discussed above, coupled with the absence of an effect on 

iNKT cell development (Fig. 4.12), raise the possibility that TPL2 could serve as putative target 

for the management of immune-driven liver pathologies. In line with this concept, administration 

of a TPL2 kinase inhibitor attenuates the pathological manifestations of experimental hepatitis in 

vivo (Fig. 4.2, Fig.4.5 and Fig. 4.8), the production of IFN-γ and IL-4 by iNKT cells in vitro (Fig. 

4.13 and Fig. 4.14C) and the subsequent activation of the associated transcription factors STAT1 

and STAT6 respectively (Fig. 4.15). Thus, further studies are warranted to evaluate the potential 

of TPL2 kinase inhibitors (183, 246) to minimize the severity of inflammatory liver diseases and 

their co-morbidities.  
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Αn important issue raised from this study is the characterization of the molecular 

mechanism linking TPL2 to effector cytokine synthesis in NKT cells. The physiological role of 

TPL2 in signal transduction has largely been explored downstream of Toll-like and TNF receptors 

in macrophages, dendritic and hepatic stellate cells (164, 182, 247). These studies have shown that 

TPL2 ablation ameliorates ERK activation and renders macrophages defective in the production 

of TNF and other proinflammatory molecules (164, 247). Data presented herein demonstrate for 

the first time that TPL2 is required for ERK signaling also downstream of the iNKT TcR. We 

show that signals transduced via the TPL2-ERK pathway regulate the transcription factor JunB 

(Fig. 4.14) which controls the expression of the IFN-γ gene in iNKT cells and influences GalCer-

induced inflammatory liver disease in the mouse (238). Our findings also uncover a novel 

physiological role for TPL2 in Akt activation and show that this signaling axis promotes the 

nuclear accumulation of NFAT, which is crucial for cytokine production, in GalCer-challenged 

iNKT cells (67) (Fig. 4.14 and Fig. 4.16). Pertinent to these observations, the NFAT:JunB complex 

represents a major component of the il4 transcriptional machinery (236, 237). Therefore, TPL2 

coordinates effector cytokine synthesis in NKT cells via ERK and Akt transduced signals (Fig. 

4.17).  

An important aspect of TPL2 signaling is its interplay with regulators of the NF-κB 

pathway such as the IκB kinase β (IKKβ) which is required for TPL2 activation downstream of 

TLR4 and TNFR1 (149, 248, 249). Data presented in this study show that GalCer-challenged 

iNKT cells engage TPL2-dependent ERK signaling in the absence of an effect on the NF-κB 

pathway (Fig. 4.14). It is thus conceivable that alternative mechanisms may operate to regulate 

TPL2 signal transduction downstream of the iNKT TcR, a hypothesis that merits further 

investigations. The existence of alternative mechanism(s) of TPL2 activation is supported by a 

recent study describing TPL2-dependent but IKKβ-independent activation of ERK during TLR3 

and TLR9 signaling in macrophages (250).  
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The findings reported herein thus expand our understanding of the mechanisms of iNKT 

cell activation by defining TPL2 as a crucial signaling factor and mediator of iNKT effector 

cytokine expression. The protective effects of TPL2 ablation or inhibition of its kinase activity on 

hepatic inflammation may have important ramifications for the development of therapies for liver 

diseases. Given the capacity of iNKT cells to orchestrate the licensing and activation of other 

immune cells, our results may also help to better appreciate the diverse and often contradictory 

effects of TPL2 on immune functions.  
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CHAPTER II 

Given the observation that TPL2 as a crucial signaling factor and mediator of iNKT 

effector cytokine expression regulating inflammatory signals and orchestration of immune 

response, we aimed to study the impact of TPL2 kinase on the initiation and progression of 

hepatocellular carcinoma. For this purpose we used an established experimental model of liver 

carcinogenesis induced by the hepatic carcinogen diethylnitrosamine in WT and tpl2-/- mice (30), 

which involves the establishment of chronic  inflammatory mechanisms. To our surprise, genetic 

ablation of TPL2 did not affect the development of HCC neither at early or late stages of the 

disease (Fig. 4.18). Relying on the role of TPL2 as a positive regulator of immune-mediated liver 

injury, we would expect tpl2-/- mice to display attenuated hepatocarcinogenesis. However, the 

critical role of TPL2 in iNKT cell function could possibly lead to an opposite phenotype as iNKT 

cells are considered as a major immune cell population whose effector function is indispensable 

for tumor elimination and metastasis (133). The cell-type and stimulus-dependent influences of 

TPL2 kinase in the immune system have been established by the aforementioned numerous 

studies. Therefore, the experimental use of double-knockout for TPL2 and NKT cells (e.g CD1d-

/-tpl2-/-) or tissue-conditional knockout mice, for instance in liver or in myeloid cell line, will 

probably contribute to the delineation of the impact of TPL2 kinase in the development of DEN-

induced HCC. 

However, a previous report demonstrated that TPL2 ablation suppresses HCC development 

by inhibiting liver inflammation and steatosis (211). This group found that TPL2 played a 

significant role in DEN-initiated nonalcoholic fatty liver disease (NAFLD) associated HCC 

development and that the TPL2/ERK/JNK mediated hepatic inflammation acts in concert with the 

TPL2/JNK/ERS/p-eIF2a-regulatedhepatic lipogenesis to promote the development of HCC. 

Additionally,  pathological analysis demonstrated that all WT mice developed hyperplasia, 

hepatocellular adenoma and HCC following the 24-week high carbohydrate diet (HCD) whereas 
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tpl2-/- mice with positive tumor on the surface of the liver, developed only hyperplasia and 

hepatocellular adenoma, but no HCC (211). In this study by Li et al, both WT and tpl2-/- male mice 

received DEN at the same dose of 25mg/kg on day 15 of age as in our experimental protocol but 

were then given  high carbohydrate diet to induce hepatic steatosis, inflammation, adenoma and 

HCC by the time of 24 weeks. This method combined with differences regarding mice 

maintenance that may affect their gastrointestinal microbiota, could possibly explain the different 

phenotype. 

 

Future work 

According to the outcome of the experimental procedure we followed for the study of TPL2 

kinase in DEN-induced HCC, we did not conclude to a significant role for TPL2 in 

hepatocarcinogenesis. As Li et al, provided evidence supporting that TPL2 kinase contribute to 

the development HCC in the background of nonalcoholic fatty liver disease (211), it will be 

interested to examine the expression of TPL2/COT in human liver specimens of HCC patients. 

Given the stimulus- and cell-dependent role of TPL2 in both hematopoietic and non-hematopoietic 

cell lineages, it will be interesting to study the role of TPL2 in specific tissues or cell populations 

by using conditional knockout mice for liver or myeloid lineages. We could also investigate the 

impact of NKT cells combined with or without the presence of TPL2 kinase by creating the double-

knockout CD1d-/-tpl2-/- mice. In future, the development of new experimental models involving 

intravital cellular imaging in vivo could also contribute to the delineation of TPL2 in the 

development of hepatocellular carcinoma. 
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The Journal of Immunology

TPL2 Kinase Is a Crucial Signaling Factor and Mediator of
NKT Effector Cytokine Expression in Immune-Mediated
Liver Injury

Dimitra Vyrla,*,† Georgios Nikolaidis,*,‡ Fiona Oakley,x Maria J. Perugorria,x,{

Philip N. Tsichlis,‖ Derek A. Mann,x and Aristides G. Eliopoulos*,†,‡

Invariant NKT (iNKT) cells represent a subset of innate-like T lymphocytes that function as orchestrators of hepatic inflammation

underpinning liver damage. In this study, we demonstrate that TPL2, an MAP3 kinase that has mostly been appreciated for its

physiological role in macrophage responses, is a signaling factor in CD3+NK1.1+ iNKT cells and mediator of hepatic inflammation.

Genetic ablation of TPL2 in the mouse ameliorates liver injury induced by Con A and impinges on hallmarks of NKT cell

activation in the liver without affecting NKT cell development in the thymus. The pivotal role of TPL2 in iNKT cell functions is

further endorsed by studies using the iNKT-specific ligand a-galactosylceramide, which causes mild hepatitis in the mouse in a

TPL2-dependent manner, including production of the effector cytokines IL-4 and IFN-g, accumulation of neutrophils and

licensing and activation of other immune cell types in the liver. A TPL2 kinase inhibitor mirrors the effects of genetic ablation

of TPL2 in vivo and uncovers ERK and Akt as the TPL2-regulated signaling pathways responsible for IL-4 and IFN-g expression

through the activation of the transcription factors JunB and NFAT. Collectively, these findings expand our understanding of the

mechanisms of iNKT cell activation and suggest that modulation of TPL2 has the potential to minimize the severity of immune-

driven liver diseases. The Journal of Immunology, 2016, 196: 000–000.

U
nlike the majority of secondary immune organs, the liver
is typified by an overrepresentation of cellular compo-
nents of the innate immunity such as Kupffer, dendritic,

NK, and NKT cells endowed with Ag recognition and regulation

of immunogenic versus tolerogenic functions. Disruption of immu-
nological balance as a result of viral infection, autoimmune re-
actions, excess alcohol consumption, or metabolic disease leads to

exaggerated and uncontrolled inflammation, hepatocyte death, and
eventually, permanent loss of organ function (1). Emerging ev-
idence underscores a central role for NKT cells in orchestrating

immune homeostasis and disease pathogenesis in the liver (2).
NKT cells are a heterogeneous group of nonconventional

T lymphocytes that are found with highest frequency in the liver (3).

Invariant NKT (iNKT) cells, the prototypical NKT cell subtype
(also referred as type I NKT), express a TCR comprising a semi-
invariant a-chain (Va14-Ja18 in mice; Va24-Ja18 in humans)

and a restricted b-chain repertoire (Vb8.2, Vb2, or Vb7 in mice;
Vb11 in humans) that, unlike conventional T lymphocytes, rec-
ognize self- or foreign glycolipid Ags presented by the nonclas-

sical MHC class I molecule CD1d (4). Studies using a mouse
model of fulminant hepatitis induced by Con A have revealed a
major pathogenic role for iNKT cells in liver injury. Thus, CD1d2/2

and Ja182/2 mice, which both lack iNKT cells, are resistant to
Con A–induced pathology (5, 6). Further studies have shown that
upon activation, iNKT cells produce copious amounts of immu-

noregulatory molecules, including the Th1 cytokine IFN-g and the
Th2 cytokine IL-4 (4, 7), which endow them with the capacity to

direct the licensing of other immune cell types and thus orches-
trate inflammatory immune reactions in the liver (4). Remarkably,
the intracellular signaling pathways that mediate the pathogenic

functions of iNKT cells remain poorly defined.
TPL2 is an MAP3 kinase with an obligatory role in signal trans-

duction on the MEK/ERK axis downstream of receptors involved in

innate immunity, including Toll-like (8) and TNF family receptors
(9), thereby affecting the production of mediators of inflammation
such as TNF, IL-6, cyclooxygenase-2, and TIMP-1 (10-12). As a

result, TPL2 ablation in mice ameliorates the severity of various
inflammatory pathologies including LPS-induced endotoxic shock
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(10), inflammatory bowel disease (13), and the onset and progression
of experimental autoimmune encephalomyelitis (14, 15). In contrast,
TPL2 ablation exacerbates the inflammatory response to intracellular
pathogens and bronchoalveolar allergens (16, 17), highlighting cell
type– and stimulus-dependent roles of TPL2 in the immune sys-
tem. In this study, we have addressed the role of TPL2 in immune-
mediated liver pathology in the mouse and uncovered a novel oblig-
atory role for this kinase in CD3+NK1.1+ iNKT signal transduction
induced by lipid Ags and in the regulation of the pathogenic effects
of iNKT cells.

Materials and Methods
Mice and experimental hepatitis protocols

Tpl2+/+ and tpl22/2 mice (C57BL/6 background) are described in Ref. 10,
and C57BL/6-CD1d2/2 mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME). Tpl2+/2 animals were used to generate experi-
mental groups of different tpl2 genotypes, which were cohoused and
maintained in identical conditions prior to treatments. To induce immune-
mediated hepatitis, 8- to 10-wk-old female mice were injected i.v. with
Con A (Sigma-Aldrich) at a dose of 10 mg/kg body weight and were eu-
thanized at the indicated time points after Con A treatment. For the as-
sessment of the effects of kinase inhibition, a TPL2 inhibitor (Calbiochem)
dissolved in DMSO was administered i.p. at a dose of 250 mg/mouse 15 h
and 30 min before Con A treatment, whereas the control animals received
equal amount of DMSO. To induce NKT cell–mediated liver injury, mice
received 100 mg/kg a-galactocylceramide (aGalCer, KRN7000; Enzo Life
Sciences) for the indicated time points. Control mice of all study groups
received PBS as control. Experimental procedures were approved by the
Veterinary Department of the Prefecture of Crete (renewed license number
6161/28–03-2014).

Histology, immunohistochemistry, and image analysis

For histopathology, liver tissue sections were excised at various time points,
fixed overnight in 10% neutral formalin solution, and embedded in paraffin.
Sections of 5 mM were prepared, placed on glass lesions, and stained with
H&E to assess liver injury. To assess the extent of apoptotic areas, liver
tissue was stained for activated caspase-3. Inactivation of endogenous
peroxidase was achieved by incubating the deparaffinized sections with
hydrogen peroxide/methanol. Ag retrieval was performed by using 10 mM
sodium citrate buffer (pH 6). Sections were blocked using an Avidin/Biotin
Kit (Vector Laboratories), followed by addition of 20% pig serum in PBS.
A primary Ab was used against caspase-3 (CS9664; Cell Signaling Tech-
nology) at a 1:200 dilution in PBS, followed by overnight incubation at 4˚C.
Sections were washed and further incubated with biotinylated swine anti-
rabbit at 1:200 (DakoCytomation) for 1 h and washed, and immunohis-
tochemistry was completed with streptavidin biotin–peroxidase complex
incubation (Vector Laboratories) for 45 min. Caspase-3–positive cells were
visualized by 3,39-diaminobenzidine tetrahydrochloride, and sections were
hematoxylin counterstained. Morphometric image analysis was performed
using Leica QWin software.

Alanine aminotransferase/aspartate aminotransferase activity
determination

To detect serum levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activity, serumwas collected from peripheral blood
via cardiac puncture at the indicated time periods postinjection under
isoflurane anesthesia. Serum samples were stored at220˚C until ready to
be used. Levels of AST and ALT were assayed by standard enzymatic
procedures using an automatic biochemical analyzer Olympus AU5400
(Medicon) in the Laboratory of Clinical Biochemistry, University Hospital
of Heraklion (Crete, Greece).

Isolation of liver mononuclear cells, splenocytes, and thymocytes

Hepatic lymphocytes were isolated using the Percoll gradient as described
previously (18). In brief, following anesthesia with isoflurane inhalation
(Baxter), livers were perfused with PBS and excised carefully. Livers were
chopped into small pieces and incubated for digestion in RPMI 1640 medium
(Invitrogen Life Technologies) supplemented with 0.05% collagenase/
dispace (Roche) and 0.01% trypsin inhibitor (Life Technologies) for 30 min
at 37˚C on a rotary shaker. The digested materials were filtered through
40-mm nylon cell strainer and pelleted to enrich lymphocytes. Cell pellet
containing liver mononuclear cells (LMNCs) was collected and washed in
RPMI 1640 medium. The cell suspension was gently overlaid by a 33%

Percoll (Sigma-Aldrich) gradient containing 100 U/ml heparin and centrifuged
for 30 min at 800 3 g. LMNCs were collected from the cell pellet, followed
by lysis of erythrocytes using RBC lysis buffer containing 155 mM NH4Cl,
10 mM KHCO3, and 0.1 mM Na2EDTA. LMNCs were washed twice in PBS
and resuspended in PBS supplemented with 5% FBS. Splenic or thymic cells
were isolated by pressing the spleen or thymus through a 40-mm nylon strainer
and were resuspended in PBS, followed by erythrocyte lysis using RBC lysis
buffer. Cell yields and viability were measured with trypan blue staining.

Flow cytometry

For flow cytometric analysis, cells were resuspended in 100 ml FACS buffer
(PBS containing 5% FBS). For extracellular markers, single-cell suspen-
sions of LMNCs were stained with specific fluorescently conjugated Abs
for 30 min at 4˚C in the dark. The following Abs were used from eBio-
science: CD3 (clone 145-2C11), NK1.1 (clone PK136), CD69 (clone
H1.2F3), CD4 (clone RM4-5), CD8 (clone 53-6.7), Gr1 (clone; RB6-8C5),
CD11b (clone; M1/70), CD11c (clone N418), CD19 (clone MB19-1),
CD24 (clone 30-F1), CD44 (clone IM7), and IL-4 (clone BVD6-24G2).
For tetramer staining, LMNCs (2 3 106 cells) were preincubated for
10 min with anti-CD16/32 for blocking of FcRs and labeled with ap-
propriate dilutions of PE-conjugated CD1dPBS57-tetramer (a gift from
Drs. M. Verykokakis and B. L. Kee, University of Chicago, Chicago, IL)
and TCRb-APC (H57-597; purchased from eBioscience) for 45 min at 4˚C
in the dark. Cells were washed and resuspended in PBS/5% FBS. For IL-4
intracellular staining, DN32.D3 cells were treated with 200 ng/ml aGalCer
in the presence or absence of TPL2 inhibitor. Secretion of cytokines was
blocked by either momensin or brefeldin A protein transport inhibitors
(eBioscience). Cells were stained with cell surface markers and then fixed
and permeabilized with eBioscience fixation and permeabilization buffers,
according to the manufacturer’s intracellular staining protocol. Flow cyto-
metric analysis was performed and acquired on a FACSCalibur (BD Bio-
sciences), and data were analyzed using the FlowJo software (Tree Star).

Cell sorting and NKT:DC coculture

The TCRb+CD1d tetramer+ NKT cell population and CD11c+ dendritic
cells (CD11c+ DCs) were sorted from LMNCs of tpl2+/+ and tpl22/2 mice
using the high-speed cell sorter MoFlo (DakoCytomation). Tpl2+/+ and
tpl22/2CD11c+ DCs (purity . 90%) were treated with aGalCer to the
final concentration 100 ng/ml for 18 h. Tpl2+/+ and tpl22/2 aGalCer–
pulsed DCs were cocultured with purified tpl2+/+ and tpl22/2 NKT cells
(purity. 95%) in all possible combinations at ratio 1:2 for 24 h. Coculture
supernatants were collected and analyzed for IL-4 and IFN-g secretion.

NKT cell isolation and adoptive transfer

LMNCs were isolated from tpl2+/+ and tpl22/2 mice as described above.
NKT cells were enriched from hepatic MNCs by magnetic cell sorting
(130-096-513; Miltenyi Biotec). In brief, CD3-positive cells were enriched
by negative selection (MACS), according to the manufacturer’s protocol.
CD3-enriched cells were stained with NK1.1 APC mAb and incubated
with anti-APC microbeads, and NK1.1-positive cells were enriched by
positive magnetic cell sorting according to the manufacturer’s recom-
mendations. Approximately 90% of the magnetic cell sorting–purified
cells were CD3 and NK1.1 positive. Purified tpl2+/+ or tpl22/2 NKT cells
(0.5 3 106) were injected i.v. into CD1d-deficient mice, respectively. Con
A was injected at a dose of 10 mg/kg, mice were then euthanized 8 h
postinjection, and their sera and livers were analyzed. Liver injury was
assessed by measuring serum levels of ALT/AST transaminases.

Cell culture and treatments

Primary murine LMNCs and splenocytes were cultured in RPMI 1640
supplemented with 10% FBS, 1% nonessential amino acids, 1% penicillin-
streptomycin, 1% sodium pyruvate, and 50 mM 2-ME (all purchased by
Life Technologies) and treated with 100 ng/ml with aGalCer at the indi-
cated time points. The Va14+ CD1d-specific NKT hybridoma cell line
DN32.D3 was a gift from Dr. A. Bendelac (University of Chicago, Chicago,
IL). DN32.D3 cells were maintained in hybridoma medium consisted of
RPMI 1640 supplemented with EHAA (Sigma-Aldrich), 10% FBS, 1%
penicillin-streptomycin, 1% L-glutamine (Sigma-Aldrich), gentamicin
(Sigma-Aldrich), and 50 mM 2-ME (Life Technologies). Cells were
treated with DMSO (Applichem) as vehicle control, 5 mM TPL2 kinase
inhibitor (Calbiochem, Merck-Millipore), 5 mM UO126 (Calbiochem,
Merck-Millipore), or 0.5 mM wortmannin (Calbiochem, Merck-Millipore)
30 min before stimulation with 200 ng/ml aGalCer for various time points.
In another set of experiments, cells were treated with 10 mg/ml purified
anti-mouse IL-4 or/and 10 mg/ml purified anti-mouse IFN-g and were
stimulated or not with 200 ng/ml aGalCer for further analysis.
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Protein isolation, nuclear/cytoplasmic fractionation, and
Western blot analysis

Following treatment, cells or liver tissues were lysed in radioimmunopre-
cipitation assay buffer, containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors
(Sigma-Aldrich), 100 mM Na3VO4 (Sigma-Aldrich), and 1 mM NaF (Sigma-
Aldrich). For Western blot analysis, levels of total proteins were determined
using the bicinchoninic acid assay (Thermo-Scientific). For fractionation of
cytoplasmic and nuclear protein extracts, cells were lysed in buffer A (10 mM
HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, and 10% Nonidet P-40)
supplemented with protease inhibitors and 100 mM Na3VO4 and 1 mM
NaF. Lysates were rotated on a platform for 15 min at 4˚C, and the cytosolic
fraction was purified by centrifugation at 13,000 rpm at 4˚C for 4 min. The
pellet of nuclei was resuspended in buffer B (20 mM HEPES [pH 7.9], 0.4 M
NaCl, 0.1 mM EDTA, 10% glycerol, protease inhibitors, 100 mM Na3VO4,
and 1 mM NaF), and extracts were incubated on ice for 30 min. The nuclear
fraction was purified by centrifugation at 13,000 rpm at 4˚C for 4 min. Cy-
toplasmic and nuclear protein concentration was measured using the Bio-Rad
DC protein assay kit. An amount of 30 mg/sample was loaded and subjected
to SDS-PAGE and subsequently transferred to a nitrocellulose membrane
(Whatman) following blocking with 5% nonfat milk in TBS-T before incu-
bation with primary Ab. The following Abs were used for immunoblotting:
p-ERK1/2 (CS4370; Cell Signaling Technology), pp38 (CS4511; Cell
Signaling Technology), pJNK1/2 (CS4668; Cell Signaling Technology),
pAKT (CS4060; Cell Signaling Technology), pGSK3b-Ser9 (CS5558;
Cell Signaling Technology), pSTAT1 (CS9171; Cell Signaling Technol-
ogy), pSTAT3 (CS9131; Cell Signaling Technology), pSTAT6 (CS9361;
Cell Signaling Technology), ERK1/2 (CS4695; Cell Signaling Technol-
ogy), p38 (CS8690; Cell Signaling Technology), JNK1/2 (CS9258; Cell
Signaling Technology), AKT (CS2920; Cell Signaling Technology),
STAT1 (610115, BD Transduction Laboratories.), STAT3 (CS9132; Cell
Signaling Technology), STAT6 (CS9362; Cell Signaling Technology),
NFATc1 (CS5861; Cell Signaling Technology), Sp1 (PEP-2; Santa Cruz
Biotechnology), TPL2 (M-20; Santa Cruz Biotechnology), IkBa (CS4814;
Cell Signaling Technology), p-IkB kinase (IKK)a/b (CS2697; Cell
Signaling Technology), IKKb (CS8943; Cell Signaling Technology), and
b-actin (clone X-4; Millipore). Secondary HRP-conjugated Abs were pur-
chased by Sigma-Aldrich and used at a concentration of 1:20,000. ECL
method (PerkinElmer Life Sciences) was used for signal development.

ELISA

Cytokine concentration in serum and cell culture supernatants was deter-
mined by ELISA at the indicated time points using ELISA kits for mouse
IL-4, IFN-g, TNF, IL-6, IL-2, and IL-12 (all purchased by eBioscience),
according to the manufacturer’s instructions. Colorimetric reactions were
stopped by the addition of 1 N HCl, and the optical absorbance at 450 and
570 nm was determined using a microplate absorbance reader (Model 680
Microplate Reader; Bio-Rad).

RNA isolation, cDNA synthesis, and quantitative PCR
expression assay

RNA was isolated from NKT hybridoma cell line DN32.D3 or liver tis-
sue using TRIzol (Invitrogen) and Nucleospin RNA kit (MACKEREY-
NAGEL), respectively. Total RNA was quantified with a Nanodrop Spec-
trophotometer. A High-Capacity cDNA Reverse Transcription kit was used
to synthesize cDNA from 500 ng RNA, according to the manufacturer’s
protocol using the High-Capacity cDNA Archive kit (Applied Biosystems).
Applied Biosystems TaqMan Universal PCR Mastermix and TaqMan gene
expression probes for mouse IL-4 (Mm00445259_m1, FAM labeled), IFN-g
(Mm01168134_m1, FAM-labeled), GATA-3 (Mm00484683_m1, FAM la-
beled), MAF (Mm02581355_s1, FAM-labeled), T-bet (Mm00450960_m1, FAM-
labeled), Fas ligand (Mm00438864_m1, FAM-labeled), JunB (Mm04243546_s1,
FAM-labeled), CXCL1 (Mm04207460 _m1, FAM-labeled), CXCL2
(Mm00436450_m1), CCL3 (Mm00441259_g1, FAM-labeled), and b-actin
(ACTB; Mm00607939_s1) as endogenous control (VIC-labeled) were ob-
tained from Applied Biosystems and used on an Applied Biosystems ViiA
Real-Time PCR Instrument. All assays were run in duplicate on an Applied
Biosystems ViiA Real-Time PCR system, according to the manufacturer’s
instructions, and the mean value was used for the analysis. mRNA levels were
expressed as relative quantification (RQ) values, which were calculated as RQ =
2(2DDCt), where DCt is (Ct [gene of interest] 2 Ct [housekeeping gene]).

Statistical analyses

Data are expressed as the mean values for all mice treated similarly. Error
bars represent 6 SEM. The statistical significance of differences between

two groups was determined using a two-tailed Student t test or the non-
parametric Mann–Whitney U test where appropriate or one-way ANOVA
for comparison of three or more groups, followed by Tukey’s posthoc test.
The p values ,0.05 were considered to be statistically significant (*p ,
0.05, **p , 0.01, ***p , 0.001). All analyses were performed using
GraphPad PRISM version 5.00 (Graph Pad Software, San Diego, CA).

Results
TPL2 ablation ameliorates immune-mediated liver injury

The physiological role of TPL2 in immune-mediated liver injury
was explored using an established mouse model of fulminant

hepatitis-like pathology induced by Con A (19). Wild-type (WT;
tpl2+/+) and TPL2-deficient (tpl22/2) mice were administered Con
A i.v., and disease severity was monitored over time. WT animals
progressively developed congestive livers characterized by increased
blood accumulation (Fig. 1A), histological manifestations of ex-
tensive tissue damage (Fig. 1B), and elevated expression of cleaved
caspase-3 (Fig. 1C, 1D). Strikingly, tpl22/2 mice exposed to Con
A displayed reduced macroscopic and histological features of liver
injury (Fig. 1A–D). The serum levels of ALT and AST, which
represent biochemical markers of hepatic injury (Fig. 1E) and of
the proinflammatory cytokines TNF-a and IL-6 (Supplemental
Fig. 1A) as markers of systemic effects, were also significantly
reduced in tpl22/2 compared with WT mice treated with Con A.
Con A also led to accumulation of TPL2 mRNA and protein levels
in the liver of WT animals (Fig. 1F, 1G).
To determine whether the catalytic activity of TPL2 is required

for the observed effects, WT mice were treated with a TPL2 kinase
inhibitor prior to Con A administration. This treatment resulted in
reduced hepatic congestion and significantly lower serum ALT/AST
levels compared with animals receiving Con A alone (Fig. 1H, 1I).
We conclude that TPL2 mediates pathogenic signals in Con A–
induced liver injury, which require intact TPL2 kinase activity.

TPL2 influences immune cell content and activation status in
the liver during Con A–induced fulminant hepatitis

The pathogenesis of Con A–induced hepatitis critically depends on
T and NKT cells (5, 19). To dissect the cellular mechanisms un-
derlying the aforementioned pathogenic TPL2 effect, we analyzed
T cell content and activation status in LMNCs isolated from WT
and tpl22/2 mice during disease progression. This analysis dem-
onstrated progressive accumulation of CD3+ and CD4+ T (Fig. 2)
in Con A–treated WT mice, which was similar to that observed in
tpl22/2 animals. Simultaneous assessment of the early activation
marker CD69 also showed absence of significant differences in the
activation status of CD3+ and CD4+ lymphocytes between strains
(Fig. 2), indicating that conventional T cells are not the primary
target of the TPL2 effect on Con A–induced liver injury.
However, detailed examination of flow cytometry data revealed

a discernible variation between strains in a CD3+CD69+ subpop-
ulation bearing intermediate CD3 expression levels, a feature
of NKT cells (Fig. 2A). Because the vast majority of hepatic
NKT cells in C57BL/6 mice express both CD3 and NK1.1
(CD161), a marker of NK cells (4), and CD3+NK1.1+ NKT cells
confer pathogenic effects on Con A–induced liver injury (5), we
analyzed tpl2+/+ and tpl22/2 LMNCs for CD3 and NK1.1 ex-
pression by flow cytometry. The results revealed progressive
accumulation of CD3+NK1.1+ NKT cells in WT mice exposed
to Con A that was attenuated in tpl22/2 animals (Fig. 3A, 3B).
Moreover, TPL2-deficient liver NKT cells expressed reduced
CD69 levels compared with WT equivalents both in untreated and
Con A–treated mice (Fig. 3A). CD4+ NKT cells displayed the same
pattern of accumulation and CD69 expression as CD3+ NKT cells
in tpl22/2 mice (data not shown). In contrast, the percentage of
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FIGURE 1. TPL2 kinase promotes immune-mediated liver injury. (A) Representative images of livers of WT and tpl22/2 mice treated with 10 mg/kg

Con A for 8 h showing macroscopic signs of severe and mild liver injury, respectively. (B) Histopathological examination of Con A–induced liver injury

following H&E staining of liver sections (n = 8; original magnifications 3100) from WT and tpl22/2 mice 8 and 24 h after saline or Con A treatment.

Arrows show large inflamed and necrotic areas. (C) Representative (n = 8) immunohistochemical analysis of cleaved caspase-3 levels in livers from WTand

tpl22/2 mice treated with saline or Con A for 8 and 24 h. Arrows indicate areas of massive hepatocyte apoptosis positive for cleaved caspase-3 (original

magnification 3100). (D) Graph represents quantification of cleaved caspase-3 staining in liver sections of WT and tpl22/2 mice treated with saline or Con

A for 8 and 24 h. Morphometric image analysis was performed using Leica QWin software. (Data are expressed as the mean 6 SEM of n = 8 mice/time

point; **p , 0.01, ***p , 0.001.) (E) Serum ALT and AST levels 4, 8, and 24 h after injection of saline or Con A in WT and tpl22/2 mice. Data are

expressed as the mean6 SEM of n = 10 of each genotype (*p, 0.05, ***p, 0.001). (F) Quantitative real-time PCR for tpl2 mRNA expression in the liver

of WT mice treated with saline or Con A at the indicated time points. (Data are expressed as the mean 6 SEM of n = 8 mice/time point; **p , 0.01,

***p , 0.001.) (G) Western blot showing TPL2 expression in the liver of WT mice after 8 and 24 h of Con A or saline treatment. Levels of TPL2 and

GAPDH were quantified by densitometry, and TPL2/GAPDH ratio was calculated. Results are expressed as the mean 6 SEM of three independent ex-

periments; *p , 0.05. (H) Macroscopic images of livers of WT animals treated with TPL2 kinase inhibitor versus vehicle control prior to an 8-h Con A

administration. (I) Serum ALT and AST levels in WT animals exposed to TPL2 inhibitor (10 mg/kg) or vehicle control and analyzed 8 h following Con A

treatment. Results are expressed as the mean 6 SEM of n = 5 for each group (*p , 0.05).

4 TPL2 MEDIATES NKT CELL FUNCTION IN IMMUNE-MEDIATED HEPATITIS

 at U
A

E
 U

niv/N
atl M

ed L
ib on A

pril 8, 2016
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


CD32NK1.1+ NK cells remained unaffected by the TPL2 defi-
ciency (Fig. 3A). Treatment of WT mice with TPL2 kinase inhibitor
prior to Con A administration also resulted in reduced accumu-
lation of NKT but not NK cells (Fig. 3C, 3D).
LMNCs were further analyzed using CD1d-tetramers loaded with

the prototypic iNKT TCR–specific glycolipid ligand aGalCer,
which identify the subset of CD1d-restricted T cells expressing the
invariant Va14-Ja18 TCR. Previous studies have shown that
NKT cell stimulation results in a transient downregulation of cell
surface TCR that may provide a mechanism to avoid undesirable
consequences of chronic NKT cell activation, including overpro-
duction of effector cytokines (20). In line with these reported ob-
servations, Con A administration in WT animals resulted in a
transient reduction in the number of LMNCs stained double positive
for CD1dtet and TCRb+, which, however, was largely reversed by
8 h of treatment. In contrast, tpl22/2 mice exposed to Con A
showed a more marked and prolonged reduction in the number of
CD1dtet/TCRb+ LMNCs (Supplemental Fig. 2). Assessment of
CD69 expression of CD1dtetTCRb+ gated cells demonstrated re-
duced activation of TPL2-deficient liver iNKT cells both in un-
treated and Con A–treated mice (Supplemental Fig. 2).
IFN-g and IL-4 produced by NKT cells have been reported to

play important roles in Con A–induced liver pathology by medi-
ating hepatocyte killing (6, 21, 22) and neutrophil infiltration (23),
respectively. Serum levels of IL-4 and IFN-g (Fig. 3E), accumu-
lation of Gr1highCD11bhigh-expressing inflammatory cells in the
liver (Supplemental Fig. 3A), and hepatic mRNA expression of

neutrophil and monocyte chemokines such as CXCL1, CXCL2,
and CCL3 (MIP1-a) (Supplemental Fig. 3B) were attenuated in

Con A–treated tpl22/2 mice. ATPL2 kinase inhibitor mirrored the

effects of TPL2 ablation on Con A–induced neutrophil recruit-

ment in vivo (Supplemental Fig. 3C).

Expression of TPL2 in NKT cells determines their pathogenic
function during Con A–induced fulminant hepatitis

To substantiate a role for TPL2 in mediating the pathogenic effects
of Con A through CD3+NK1.1+ NKT cells, we performed adoptive

transfer of WT or TPL2-deficient NKT cells into CD1d2/2 re-

cipients (Fig. 4A), which lack NKT cells and are protected from

Con A–induced fulminant hepatitis (Fig. 4B) (5). In line with

previous reports (5), the partial reconstitution of the NKT cell pool

in CD1d2/2 mice partly restored their responsiveness to Con A,

evidenced by elevated serum ALT/AST levels (Fig. 4B) (5). In

comparison, the adoptive transfer of TPL2-deficient NKT cells led

to significantly reduced response of CD1d2/2 mice to Con A

(Fig. 4B) with decreased levels of IL-4 and IFN-g in the serum

(Fig. 4C) and reduced numbers of infiltrating neutrophils in their

livers (Fig. 4D, 4E).

Selective activation of NKT cells by aGalCer reveals an
obligatory role for TPL2 in pathogenic iNKT cell function

NKT cells comprise two main subpopulations with opposing roles
in immune-driven liver diseases, type I (iNKT) and type II NKT cells.

The former confer pathogenic effects during ConA–induced hepatitis

FIGURE 2. TPL2 does not affect CD3 and CD4 T cell activation and infiltration during Con A–induced liver injury. (A) LMNCs isolated from the liver

of WT and tpl22/2 mice were analyzed by flow cytometry following treatment with Con A. Representative analysis of kinetics and frequency of activated

T cells as defined by CD3+CD69+ coexpression (gated in liver lymphocytes) during the onset and the progression of immune-mediated liver damage. (n =

8–10 mice per group). Percentages (upper panel) of infiltrating CD3+CD69+ (gate was set in total liver lymphocytes [LLCs]) and relative numbers (lower

panel) of liver CD3+CD69+ cells/106 LLCs during the different phases of Con A–induced liver injury in WT and tpl22/2 mice. Data are expressed as the

mean 6 SEM of 8–10 mice/time point. (B) Representative flow cytometric analysis of activated CD4+ T cells (gated in LLCs) as defined by CD4+CD69+

staining of LLCs at the indicated time points (n = 8–10 mice per group). Frequency (upper panel) of infiltrating CD4+CD69+ (percentages) and relative

numbers (lower panel) of liver CD4+CD69+ cells/106 LLCs following Con A treatment in WT and tpl22/2 mice. Data are expressed as the mean6 SEM of

8–10 mice/time point.
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which are antagonized by type II NKT cells (24). The observation
that TPL2 operates within the CD3+NK1.1+ NKT cell compart-
ment to mediate liver injury (Fig. 4) prompted us to explore more
specifically the in vivo role of TPL2 in iNKT cell function by using
the prototypic iNKT TCR–specific glycolipid ligand aGalCer (25,
26). Mice immunized with aGalCer undergo mild hepatitis as
reflected by the progressive increase in plasma ALT/AST, reaching
maximal levels between 16 and 24 h after administration (Fig. 5A)
(27). In comparison, mice lacking TPL2 were found to possess
2- to 3-fold lower serum ALT/AST levels following aGalCer
administration (Fig. 5A).
iNKT cells respond to aGalCer by producing copious amounts

of IL-4, IL-6, and TNF-a, followed by IFN-g, which orchestrate
the licensing and activation of other immune cells (3, 4, 7). TPL2-
deficient mice exposed to aGalCer displayed significantly reduced
serum levels of these cytokines (Fig. 5B). Congruent with this
defect, the number of neutrophils (Fig. 5C) and the activation of
liver CD3+, CD4+, and CD19+ cells (Fig. 5D) were attenuated in
tpl22/2 compared with WT mice challenged with this iNKT cell
ligand. In vitro stimulation of TPL2-deficient splenocytes and

LMNCs with aGalCer (Fig. 6A) also led to significant reduction
in IL-4 and IFN-g production compared with WT cultures (Fig. 6B).
aGalCer is presented to iNKT TCR by CD1d expressed on

DCs. The diminished response of tpl22/2 mice, splenocytes and
LMNCs to aGalCer could thus be attributed to iNKT cell-
autonomous mechanisms, defects in aGalCer presentation by
DCs or both. To dissect cell-specific roles of TPL2 in this effect,
DCs from WT and tpl22/2 mice were exposed to aGalCer in vitro
and then cocultured with tpl2+/+ and tpl22/2 NKT cells in all possi
ble combinations. The results showed that cultures of tpl22/2

NKT cells in combination with either tpl2+/+ or tpl22/2 DCs re-
leased lower levels of IL-4 and IFN-g than cultures of tpl2+/+

NKT cells (Fig. 6C). CD1d expression on DCs did not differ
between strains and similar levels of IL-12 were produced by
tpl2+/+ and tpl22/2 DCs pulsed with aGalCer in vitro when
cocultured with tpl2+/+ and tpl22/2 NKT cells, respectively
(Fig. 6D, 6E) and in aGalCer-administered tpl2+/+ and tpl22/2

mice in vivo (Fig. 6F). Collectively, these data demonstrate that
the expression of TPL2 in iNKT cells modulates their effector
function.

FIGURE 3. Impaired NKT cell accumulation and associated cytokine production during immune-mediated liver injury in tpl22/2 mice. (A) Kinetics and

frequency of liver NKT cell accumulation (upper panel) and activation status (lower panel) in LMNCs as defined by coexpression of CD3intNK1.1+ (gated

in total liver lymphocytes) and CD69 (gated in CD3intNK1.1+), respectively, in WT and tpl22/2 mice during Con A–mediated liver damage. Flow

cytometry (FACS) profiles are representative of n = 8–10 mice per group. (B) Percentage (upper panel) of infiltrating liver NKT cells and relative numbers

(lower panel) of NKT cells/106 liver lymphocytes (LLCs) during the different phases of Con A–induced liver injury in WT and tpl22/2 mice. Data are

expressed as the mean 6 SEM of 8–10 mice/time point (*p , 0.05, ** p , 0.01, ***p , 0.001). (C) Representative FACS analysis showing kinetics and

frequency of CD3intNK1.1+ NKT cell accumulation in the liver mononuclear population of WT, tpl22/2, and WT mice treated with TPL2 inhibitor prior to

8-h Con A treatment. Gating was set in liver lymphocytes (LLCs). (D) Percentage (left panel) and relative numbers (right panel) of liver NKT cells/106 of

liver lymphocytes in WT, tpl22/2, and WT mice treated with TPL2 inhibitor prior to 8-h Con A treatment. Data are expressed as the mean6 SEM of n = 4–

5 mice/time point (*p , 0.05, **p , 0.01). (E) Serum cytokine levels of IFN-g and IL-4 in WT and tpl22/2 mice in saline-treated group and 2, 4, or 8 h

after Con A treatment (n = 8–10/group; *p , 0.05, **p , 0.01, ***p , 0.001).
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TPL2 ablation does not influence iNKT cell development in the
thymus

iNKT cells develop in the thymus through a developmental
program distinct from conventional T cells (28). The earliest

iNKT cell population to emerge (developmental stage 0) expresses

CD24 and binds glycolipid Ag-loaded CD1d tetramer (CD1d tet+).

In stage 1, CD24 is downregulated and the cells enter into a pro-

liferative phase during which they up-regulate CD44 and rapidly

enter stage 2. The final maturation step, stage 3, is defined by the

upregulation of NK1.1 (4, 28). We examined the impact of TPL2

ablation on iNKT cell development by performing flow cytometric

analysis of thymocytes isolated from WT and tpl22/2 mice and

gated in CD1dtet+ for stage 0 and in CD24loCD1dtet+ for stages 1,

2, and 3. As shown in Fig. 7A and 7B, the differentiation process

and numbers of mature iNKT cells in the thymus did not differ be-

tween strains. Moreover, the activation status (CD69+) of the thymic

CD3+NK1.1+ pool was similar in WT and tpl22/2 mice (Fig. 7C).

Therefore, TPL2 does not influence iNKT cell development in the

thymus. Interestingly, the tpl2 mRNA expression levels in thymic
NKT cells were found to be dramatically reduced compared with
liver iNKT cells (Fig. 7D), indicating that TPL2 may typify late
stages of immune cell maturation, a possibility that warrants
further investigation.

TPL2 kinase activity is required for IL-4 and IFN-g gene
expression in iNKT cells by regulating ERK and Akt signals

To gain insight into the mechanism by which TPL2 influences path-
ogenic iNKT cell functions, we have explored aGalCer-induced signal
transduction in the mouse NKT hybridoma cell line DN32.D3
engineered to express CD1d (29). aGalCer-stimulated DN32.D3
cells express IL-2 and upregulate genes (Il4, Il10, and Ifng)
encoding cytokines that define classic iNKT cells (30). Treatment
of DN32.D3 cells with TPL2 kinase inhibitor prior to aGalCer
stimulation led to a dramatic reduction in secreted IL-2 (Fig. 8A)
in the absence of an effect on cell viability (data not shown). This
treatment also led to reduced IL-4 secretion (Fig. 8A) and il4
mRNA expression (Fig. 8B) and intracellular IL-4 protein levels

FIGURE 4. TPL2 kinase regulates NKT cell function in vivo. (A) Schematic representation of experimental adoptive transfer procedure of WTor tpl22/2

NKT cells into CD1d2/2 recipients, followed by 8-h Con A treatment. WT and CD1d2/2 mice treated with Con A were used as controls. (B) Graphs

showing the absolute values of serum ALT and AST levels after Con A injection with or without adoptive transfer. Absence of TPL2 kinase in NKT cells

prevented severe development of Con A–induced liver injury in CD1d2/2 mice. Data are expressed as the mean 6 SEM of n = 8–10 for each group (*p ,
0.05, **p, 0.01, ***p, 0.001). (C) Serum cytokine levels of IFN-g and IL-4 in CD1d2/2 mice or CD1d2/2 mice, followed adoptive transfer procedure of

WT or tpl22/2 NKT cells by 8-h Con A treatment (n = 8–10/group; *p , 0.05, ***p , 0.001). (D) Representative flow cytometric analysis (n = 4) of

Gr1highCD11bhigh cells (gated in total LMNCs) in the liver of CD1d2/2 mice treated with saline as vehicle control or with Con A for 8 h or adoptively

transferred with WT and tpl22/2 NKT, followed by 8-h Con A administration. CD1d2/2 mice that received tpl22/2 NKT cells display decreased neutrophil

accumulation in the liver as CD1d2/2 alone following Con A treatment. (E) Percentage (upper panel) and relative numbers (lower panel) of liver Gr1high

CD11bhigh in CD1d2/2 mice treated with saline as vehicle control or with Con A for 8 h or adoptively transferred with WT and tpl22/2 NKT prior to 8-h

Con A treatment. Data are expressed as the mean 6 SEM of n = 2–6 mice per group (*p , 0.05, **p , 0.01).
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(Fig. 8C). Similar results were obtained for IFN-g expression
(Fig. 8A, 8B), mirroring the effects of TPL2 ablation on aGalCer
responses in vivo and in primary cultures (Figs. 5, 6).
On the basis of these findings, we proceeded to identify aGalCer-

induced signaling pathways affected by TPL2 kinase inhibition and
define their functional roles in IL-4 and IFN-g expression. We
have found that aGalCer treatment leads to phosphorylation of
ERK1/2, Akt, and its downstream target GSK3b but not of JNK,
p38, or IKK/IkBa, which was attenuated by TPL2 kinase inhi-
bition (Fig. 8D, Supplemental Fig. 4A). Reduced phosphoryla-
tion of ERK1/2, Akt, and GSK3b was also observed in aGalCer-
treated primary tpl22/2 compared with tpl2+/+ splenocyte cul-
tures (Fig. 8G), supporting the results of the inhibitor studies in
DN32.D3 NKT hybridoma cells.
Akt is activated downstream of PI3K and ERK is directly

phosphorylated by MEK. To explore the impact of the MEK-ERK
and PI3K-Akt signaling pathways on IL-4 and IFN-g expression,
DN32.D3 cells were exposed to the MEK inhibitor UO126 or the
PI3K inhibitor wortmannin prior to aGalCer stimulation. Inhibi-

tion of either MEK or PI3K reduced but did not eliminate secreted
IL-4 compared with cells treated with aGalCer alone. This
observation coupled with the partial effect of TPL2 inhibitor
on aGalCer-mediated IL-4 synthesis (Fig. 8E, upper panel)
indicates the contribution of TPL2-independent pathways in
IL-4 regulation. In contrast, aGalCer-induced IFN-g produc-
tion was abolished by UO126 and TPL2 kinase inhibitor but
remained unaffected by wortmannin (Fig. 8E, lower panel).
Under these conditions of inhibitor treatment, UO126 attenu-
ated aGalCer-mediated ERK but not Akt phosphorylation, and
wortmannin inhibited Akt and its downstream target GSK3b
but not ERK activation (Fig. 8D), excluding a cross-talk be-
tween these signaling pathways downstream of TPL2.
IL-4 and IFN-g are known to activate the transcription factors

STAT6 and STAT1, respectively. Exposure of DN32.D3 cells to
aGalCer also led to robust phosphorylation of STAT1 and STAT6
but not STAT3, which was abolished upon neutralization of IFN-g
and IL-4 respectively (Supplemental Fig. 4B–D). Congruent with
the effects of kinase inhibitors on IL-4 synthesis (Fig. 8E), treatment

FIGURE 5. TPL2 ablation impacts on hallmarks of iNKT cell function in immune-mediated liver pathology. (A) Serum ALT and AST levels

assessed 24 h after injection with 100 mg/kg aGalCer or saline as vehicle control (n = 8–10/group; **p , 0.01, ***p , 0.001). (B) Serum cytokine

levels in WT and tpl22/2 mice at 8 or 24 h after aGalCer treatment. Data are expressed as the mean 6 SEM of each group (n = 10; *p , 0.05, **p ,
0.01, ***p , 0.001). (C) Representative flow cytometry profiles (upper panel) showing percentages of neutrophils (Gr1highGD11bhigh) gated in total LMNCs

from WT and tpl22/2 mice upon iNKT cell activation. Graph (lower panel) with percentages (left panel) and relative numbers (right panel) of neutrophils/

106 LMNCs in WTand tpl22/2 mice during the different phases of aGalCer treatment (n = 6 mice per group; *p, 0.05, **p, 0.01). Data are expressed as

the mean 6 SEM. (D) Activation status of CD3+ and CD4+ T cells and B lymphocytes (CD19+) gated in liver lymphocytes of WT and tpl22/2 mice immunized

with 100 mg/kg aGalCer. Representative histographs (upper panel) showing relative CD69 expression of CD3+ T, CD4+ T, and CD19+ B cells as assessed 8

and 24 h after aGalCer immunization (n = 6 mice per group). Graph in lower panel shows percentages of activated CD3+ T, CD4+ T, and CD19+ B cells

(WT, n; tpl22/2, N). Columns represent arithmetic mean, error bars show SEM, and statistical significance was tested by unpaired t test; *p , 0.05, **p , 0.01,

***p , 0.001.
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of DN32.D3 cells with UO126, wortmannin, or the TPL2 inhibitor
attenuated the aGalCer-mediated induction of STAT6 phosphor-
ylation (Fig. 8F, Supplemental Fig. 4B). In contrast, aGalCer-
induced STAT1 phosphorylation was inhibited by treatment with

UO126 or TPL2 kinase inhibitor but not wortmannin (Fig. 8F,
Supplemental Fig. 4B). These data implicate both the TPL2/Akt and
TPL2/ERK pathways in IL-4 regulation and identify TPL2/ERK as
the signaling axis required for IFN-g synthesis in iNKT cells.

FIGURE 6. TPL2 kinase is essential for NKTeffector responses in vitro. (A) Western blot showing TPL2 expression in WTand tpl22/2 splenocytes and LMNCs

after 24 h of in vitro culture in the presence of aGalCer. (B) Levels of IL-4 and IFN-g secreted from WT and tpl22/2 splenocyte and LMNC cultures following a

24-h NKT cell activation with aGalCer. (C) Levels of secreted NKT cell–associated cytokines from 24 h cocultures of aGalCer-pulsed DCs and NKT cells. CD11c+

DCs were sorted (purity. 90%) from LMNCs of untreated WTor tpl22/2mice, pulsed with aGalCer (100 ng/ml) for 18 h, and cocultured with sorted NKT cells

(purity. 95%) from LMNCs of WTor tpl22/2mice at a 1:2 ratio in all possible combinations. Supernatants were collected at 24 h of culture and assessed for the

presence of IL-4 and IFN-g. Graphs represent replicate measurements with data from four independent experiments. Statistical significance was tested by one-way

ANOVA; *p, 0.05, **p, 0.01. (D) Expression levels of CD1d molecule in CD11c+ DCs was evaluated in LMNCs of WTor tpl2+/+ mice by flow cytometry. A

representative histogram of FACS analysis is demonstrated. Gate is set on CD11c+ cells. (E) WTor tpl22/2 LMNC-sorted CD11c+ DCs were pulsed with aGalCer

(100 ng/ml) for 18 h and cocultured with LMNC-sorted WT or tpl22/2 NKT cells, respectively, at a 1:2 ratio for 24 h. Levels of IL-12p70 were measured in

coculture supernatants by ELISA. Results are expressed as mean 6 SEM of two independent experiments. (F) Serum cytokine levels of IL-12p70 in the serum of

WT and tpl22/2 mice at 8 or 24 h after aGalCer treatment. Data are expressed as the mean 6 SEM of each group. (n = 10).

FIGURE 7. Characterization of the developmental stages of iNKT cells in the absence of TPL2. (A) Flow cytometric analysis of developmental intermediates of

thymic iNKT cells is demonstrated based on the expression of CD1dtet, CD24, CD44, and NK1.1. The upper plots show thymic cells gated on CD1dtet+ (stage 0), and

lower plots are gated in CD1dtet+CD24lo and characterize stage 1, stage 2, and stage 3. Thymic WTand tpl22/2NKT cells as defined by CD3+NK1.1+ staining (B) and

expression of CD69 (C) were assessed by flow cytometry. One representative analysis is shown (n = 4 mice per group). (D) Relative mRNA levels of TPL2 as assessed

by quantitative PCR in thymic iNKT and liver iNKT cells. Data are expressed as mean 6 SEM, and results are combined from three independent experiments.

Statistical significance was tested by unpaired t test; **p , 0.01.
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FIGURE 8. TPL2 regulates ERK1/2, Akt, STAT1, and STAT6 signaling and modulates NKT cell–associated cytokine production following NKT cell

activation. (A) Culture supernatants of DN32.D3 cells treated with TPL2 inhibitor or vehicle control (DMSO) in the presence or absence of aGalCer were

collected and analyzed for production of the NKT cell–associated cytokines IL-4, IFN-g, and IL-2 by ELISA. Results are representative of three inde-

pendent experiments; *p , 0.05, **p , 0.01, ***p , 0.001. (B) Quantitative real-time PCR for IL-4 and IFN-g mRNA in DN32.D3 cells treated with

TPL2 inhibitor in the presence or absence of aGalCer. A representative graph of three independent experiments, each performed in duplicate, is shown. (C)

DN32.D3 cells were stimulated with aGalCer and TPL2 inhibitor or vehicle control for 12 h. Cells were incubated with momensin or brefeldin A for 4 h to

block cytokine secretion, stained for IL-4 and cell surface markers as indicated, and were analyzed by flow cytometry. Gating was set in CD1dtet+TCRb+

cells (upper panel). Lower graph shows the percentage of CD1dtet+TCRb+ IL-4–expressing cells following treatment with aGalCer and TPL2 inhibitor or

vehicle control for 12 h. Data are expressed as the mean 6 SEM of n = 4 (**p , 0.01). (D) DN32.D3 cells were treated with TPL2-inhibitor, UO126,

Wortmannin (Wm), or control vehicle in the presence or absence of aGalCer for 60 min, and cell extracts were analyzed for p- and total ERK1/2 and

Akt, respectively, and for pGSK3b-Ser9 (inactive form) with b-actin serving as control for equal loading. Results are representative of three independent

experiments. (E) IL-4 and IFN-g production measured by ELISA in culture supernatants collected from DN32.D3 treated with TPL2 inhibitor, UO126,

Wm, or vehicle control, followed by aGalCer treatment for 24 h. Results are representative of three to five independent (Figure legend continues)
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The il4 and ifng-regulating transcription factors JunB and
NFAT are targets of TPL2-transduced signals

Transcriptional activation of the IL-4 gene in T cells is orchestrated
by GATA3-mediated chromatin remodeling, which enables binding
of c-Maf and NFAT:AP1 to the il4 promoter. NFAT is activated by
TPL2 overexpression (31), but whether it is a physiological target
of TPL2 remains unknown. JunB is a component of the NFAT:
AP-1 transcriptional complex that regulates il4 transactivation
in mouse T cells (32, 33), is upregulated in aGalCer-stimulated
iNKT cells, and required for the transcription of the IFN-g gene
(34). On the basis of these premises, we analyzed the impact of in-
hibition of TPL2 kinase activity on aGalCer-induced transcription
factor engagement in DN32.D3 cells. The results showed that TPL2
is required for aGalCer-mediated upregulation of JunB (Fig. 9A)
and the nuclear translocation of NFAT (Fig. 9B) but not of GATA3
and c-Maf (data not shown).
ERK has been implicated in upregulation of JunB in response to

CD30 ligation (35) and the PI3K-Akt signaling pathway inhibits
GSK3b, the protein kinase that phosphorylates NFAT and promotes
its export from the nucleus (36). Because TPL2 is required for the
activation of both ERK and Akt signals in aGalCer-stimulated
iNKT cells (Fig. 8D, 8G), we analyzed the effect of UO126 and
wortmannin on JunB upregulation and NFAT localization, re-
spectively. As shown in Fig. 9A, inhibition of the MEK/ERK axis
leads to a profound reduction in aGalCer-induced junB mRNA
levels, similar to the effect of TPL2 inhibitor treatment. Immu-
noblot analysis of nuclear protein extracts isolated from aGalCer-
stimulated DN32.D3 cells revealed a dramatic reduction in NFAT
levels following TPL2 or wortmannin inhibitor (Fig. 9B) but not
UO126 administration (data not shown). We conclude that the ifng
and il4-regulating transcription factors JunB and NFAT are targets
of the TPL2/ERK and TPL2/Akt signaling pathways, respectively
(Fig. 9C).

Discussion
Immune-mediated hepatitis represents a major health burden and
cause of mortality worldwide (37), reflecting the need for improved
understanding of the mechanisms underlying disease pathogenesis
and development of evidence-based therapeutic strategies. Previous
studies have revealed opposing roles for NKT subtypes in the reg-
ulation of immunogenic versus tolerogenic outcomes and identified
iNKT cells as orchestrators of the initiation and maintenance
of hepatic inflammation underpinning liver damage. However, the
intracellular pathways that mediate the pathogenic function of iNKT
cells remain obscure. In this study, we demonstrate that TPL2 kinase
is a crucial signaling factor in iNKT cells and major mediator of
hepatic inflammation.
A functional link between TPL2 and iNKT cell–mediated pa-

thology was inferred by the observation that TPL2 is required for
the accumulation of CD3+NK1.1+ NKT cells in the liver and the
development of fulminant hepatitis in mice exposed to Con A
(Figs. 1–3). Although NKT cells are phenotypically diverse, we
have focused on CD3+NK1.1+ NKT cells given their established
pathogenic role in liver injury in C57BL/6 mice (5). Increased
numbers of hepatic NKT cells have been documented in patients
with autoimmune liver diseases (38) and genetic ablation of

NKT cells in the mouse alleviates the deleterious effects of Con A
on liver injury (5). Activated iNKT cells produce large amounts of
the effector cytokines IFN-g and IL-4 that play important roles
in Con A–induced liver pathology by mediating hepatocyte kil-
ling (6, 21, 22) and neutrophil infiltration (23), respectively. Data
presented in this study show that TPL2 regulates hallmarks of
iNKT cell activation in vivo, as evidenced by the reduction in
circulating levels of IL-4 and IFN-g and in hepatic accumu-
lation of neutrophils in Con A–treated tpl22/2 mice (Fig. 3,
Supplemental Fig. 3A). In line with these associations, the
adoptive transfer of tpl22/2 NKT cells in NKT cell–deficient
animals was largely ineffective in restoring susceptibility to the
disease compared with that of TPL2-proficient NKT cells (Fig. 4).
However, the observation that TPL2 ablation alleviates but does
not abolish Con A–mediated liver injury (Fig. 1) indicates the op-
eration of additional kinase pathways controlling immune-mediated
hepatitis in this mouse model.
iNKT cells respond to glycolipid Ags presented by CD1d on

APCs, including aGalCer (4, 25, 26). Mice immunized with
aGalCer undergo mild hepatitis associated with elevated levels of
liver transaminases and proinflammatory cytokines, IL-4–depen-
dent neutrophil infiltration and induction of hepatocyte killing (27,
39). TNF-a and IFN-g have been identified as important media-
tors of hepatic injury in this model, an effect mediated by in-
creased expression of Fas ligand (CD178) in iNKT cells (27) and
Fas (CD95) and STAT1-IFN regulatory factor 1 in affected hepa-
tocytes (39). Data presented in this paper demonstrate that TPL2
ablation alleviates the aforementioned pathogenic effects of the
iNKT-specific ligand aGalCer in vivo, including TNF-a synthesis
(Fig. 5), and reduces IL-4 and IFN-g production in primary
splenocyte and LMNC cultures in vitro (Fig. 6B). Using a co-
culture system of tpl2+/+ and tpl22/2 DCs and NKT cells, we have
excluded defects in aGalCer presentation by DCs as drivers of re-
duced effector cytokine synthesis by tpl22/2 iNKT cells (Fig. 6C).
Collectively, these observations directly link TPL2 to pathogenic
iNKT cell function.
The profound protective outcomes of TPL2 ablation in exper-

imental models of fulminant (Con A) and mild (aGalCer) hepatitis
discussed above, coupled with the absence of an effect on iNKT cell
development (Fig. 7), highlight TPL2 as putative target for the
management of immune-driven liver pathology.
In line with this concept, administration of a TPL2 kinase in-

hibitor attenuates the pathological manifestations of experimental
hepatitis in vivo (Figs. 1, 3) and the production of IFN-g and IL-4
by iNKT cells in vitro (Fig. 8A, 8B, 8E). Thus, further studies are
warranted to evaluate the potential of TPL2 kinase inhibitors (40,
41) to minimize the severity of inflammatory liver diseases and
their comorbidities.
Which are the molecular pathways that link TPL2 to effector

cytokine synthesis in NKT cells? The physiological role of TPL2
in signal transduction has largely been explored downstream of
Toll-like and TNF receptors in macrophages, dendritic, and hepatic
stellate cells (10–12). These studies have shown that TPL2 abla-
tion ameliorates ERK activation and renders macrophages defective
in the production of TNF and other proinflammatory molecules (10,
11). Data presented in this paper demonstrate that TPL2 is required
for ERK signaling also downstream of the iNKT TCR. We show that

experiments (**p , 0.01, ***p , 0.001). (F) DN32.D3 cells were treated with kinase inhibitors prior to stimulation with aGalCer for 5 and 12 h, re-

spectively. Cell lysates were immunoblotted for pSTAT6, STAT6, pSTAT1, STAT1, and b-actin as loading control. Results are representative of three

independent experiments. (G) Splenocytes from WT and tpl22/2 mice were cultured in the presence or absence of aGalCer at the indicated time points cell

extracts were analyzed for p- and total ERK1/2 and Akt, respectively, and for pGSK3b-Ser9 (inactive form) with GAPDH serving as control for equal

loading. Results are representative of three independent experiments.
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signals transduced via the TPL2-ERK pathway regulate the tran-
scription factor JunB (Fig. 9A), which controls the expression of
the IFN-g gene in iNKT cells and influences aGalCer-induced
inflammatory liver disease in the mouse (34). Our findings also
uncover a novel physiological role for TPL2 in Akt activation and
show that this signaling axis promotes the nuclear accumulation of
NFAT in aGalCer-challenged iNKT cells (Figs. 8, 9). Pertinent to
these observations, the NFAT:JunB complex represents a major
component of the il4 transcriptional machinery (32, 33). There-
fore, TPL2 coordinates effector cytokine synthesis in NKT cells
via ERK- and Akt-transduced signals (Fig. 9C).
An important aspect of TPL2 signaling is its interplay with reg-

ulators of the NF-kB pathway such as the IKKb, which is required
for TPL2 activation downstream of TLR4 and TNFR1 (8, 42, 43).
Data presented in this paper show that aGalCer-challenged
iNKT cells engage TPL2-dependent ERK signaling in the absence
of an effect on the NF-kB pathway (Supplemental Fig. 4A). It is
thus conceivable that alternative mechanisms may operate to
regulate TPL2 signal transduction downstream of the iNKT TCR,
a hypothesis that merits further investigations. The existence of
alternative mechanism(s) of TPL2 activation is supported by a
recent study describing TPL2-dependent but IKKb-independent
activation of ERK during TLR3 and TLR9 signaling in macro-
phages (44).
The findings reported in this paper thus expand our under-

standing of the mechanisms of iNKT cell activation by defining
TPL2 as a crucial signaling factor and mediator of iNKT effector
cytokine expression. The protective effects of TPL2 ablation or
inhibition of its kinase activity on hepatic inflammation may have
important ramifications for the development of therapies for liver

diseases. Given the capacity of iNKT cells to orchestrate the licensing
and activation of other immune cells, our results may also help to
better appreciate the diverse and often contradictory effects of
TPL2 on immune functions.
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