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SUMMARY

The focus of this review is to examine the role of ITK signaling inmultiple diseases
and investigate the clinical potential of ITK inhibition. The diseases and potential
interventions reviewed include T cell-derived malignancies as well as other
neoplastic diseases, allergic diseases such as asthma and atopic dermatitis,
certain infectious diseases, several autoimmune disorders such as rheumatoid
arthritis and psoriasis, and finally the use of ITK inhibition in both solid organ
and bone marrow transplantation recipients.

INTRODUCTION

IL-2-inducible T cell kinase (ITK) is essential for proximal T cell receptor (TCR) signaling. Following TCR liga-

tion, ITK is recruited to the cell membrane where it interacts with Linker for activation of T cells (LAT) and

SH2-domain-containing leukocyte protein of 76 kDa (SLP76) (Qi et al., 2006; Bunnell et al., 2000). Proper

positioning of ITK and Phospholipase Cg1 (PLCg1), the enzyme and the substrate, respectively, within

the LAT-SLP76 complex leads to the phosphorylation and activation of PLCg1 (Liu et al., 1998; Berg

et al., 2005). Investigation of ITK signaling in disease pathogenesis and the potential efficacy of its inhibition

in malignant, autoimmune, and other illnesses is an exciting area of both pre-clinical and clinical study

(Lechner et al., 2020). Ibrutinib is a potent inhibitor of BTK and is already US Food and Drug Administration

(FDA) approved to treat B cell leukemia and lymphomas. However, owing to the structural homology of ITK

and BTK, ibrutinib has been shown to be efficacious against lymphomas in preclinical and clinical studies

through its action on ITK signaling (Sagiv-Barfi et al., 2015; Dubovsky et al., 2013). ITK and BTK aremembers

of the Tec family of kinases, which are primarily expressed in cells of hematopoietic lineage (Felices et al.,

2007). Tec family kinase structure includes a C terminus kinase domain, Src homology (SH)2 domain, SH3

domain, and a proline-rich region located within the N terminus.

The tyrosine residue in the 145 position (Y145) of SLP76 is particularly crucial for ITK activation and signal

propagation (Jordan et al., 2006; Fang et al., 1996). In our laboratory, we are studying a peptide that spe-

cifically targets and prevents the phosphorylation of SLP76 at the Y145 position (Mammadli et al., 2021a).

We believe that the investigation of SLP76 as a novel drug target will lead to the development of more

desirable and targeted treatments by decreasing the off-target inhibition of various tyrosine kinases (Fig-

ure 1). In this review, we highlight how ITK signaling can lead to aberrant immune behavior and disease

pathogenesis in various malignant and immunological disorders. We briefly review the clinically relevant

material, examine the efficacy of ITK inhibition in disease models and clinical studies, postulate potential

avenues for further research, and, finally, discuss the results of our novel SLP76 inhibitor in a murine model

of graft-versus-host disease.

T CELL LYMPHOMA AND A NOVEL IMMUNOTHERAPEUTIC APPROACH

Peripheral T cell lymphoma

Peripheral T cell lymphoma (PTCL) accounts for �10%–15% of all non-Hodgkin’s lymphomas (Sabattini

et al., 2010). Compared with their B cell counterparts, T cell malignancies are rarer, more difficult to accu-

rately diagnose, have an increased predisposition to develop resistance to treatments, and are therefore

more deadly (Vose et al., 2008; Kim et al., 2003). PTCL is highly heterogeneous, both clinically and histolog-

ically, with the most common subtypes including angioimmunoblastic T cell lymphoma, anaplastic lym-

phoma kinase-negative anaplastic large cell lymphoma, and peripheral T cell lymphoma, not otherwise

specified (Sabattini et al., 2010). Despite this heterogeneity, the majority of PTCL cases are treated with

the indiscriminate chemotherapy regimen CHOP (cyclophosphamide, doxorubicin, vincristine, predni-

sone) (Moskowitz et al., 2014), which is commonly used for B cell-derived malignancies. The development

of targeted treatments for PTCL would revolutionize care, the same way targeted therapies for B cell ma-

lignancies have revolutionized care for the past two decades.
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Figure 1. Targeting SLP76:ITK interaction a with a novel and specific inhibitors has a therapeutic potential

To generate a molecule that specifically inhibits the interaction between pY145 of SLP76 and the SH2 domain of ITK, we designed a peptide based on the

amino acid sequence of SLP76 from N132 to A155, which contains a phosphorylated tyrosine residue at Y145. The interaction between ITK and SLP76

involves the phospho-tyrosines at position pY145 and the proline-rich domain (PRD) of SLP76 docking onto the SH2 and SH3 domains of ITK, respectively.

This multivalent anchoring of ITK on the different SLP76 docking sites results in distinct downstream signaling effects. This SLP76pTYR peptide significantly

reduced IFN-g and TNF-a production by TCR-stimulated T cells. Disrupting the SLP76:ITK interaction also significantly reduces PLC-g1, ERK, P13K, and NF-

kB phosphorylation. Inhibition of ITK enhances FOXP3+ regulatory T cells.
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Multiple investigations have elucidated that the formation of an ITK-SYK fusion protein may be essential

for T cell oncogenesis (Moskowitz et al., 2014; Pechloff et al., 2010). These investigations show that

ITK-SYK fusion protein tend to associate with lipid rafts and are capable of phosphorylating and

activating TCR proximal intracellular signaling proteins (like SLP-76) in an antigen-independent manner.

This interaction results in an increase in CD69 expression and IL-2 production. The prevalence of the ITK-

SYK gene fusion may be as high as 17% in patients with the PTCL, not otherwise specified subtype

(Streubel et al., 2006), although more robust studies are necessary to establish a more accurate preva-

lence. Another novel ITK fusion protein, ITK-FER, was recently discovered in PTCL patient samples

and shown to promote colony formation (Boddicker et al., 2016). Although ITK fusion proteins have

not been found in other PTCL subtypes, studies have shown an increase in ITK expression in the other

subtypes (Agostinelli et al., 2014; Liang et al., 2014). Intracellular signaling through ITK may also play

an integral role in the development of chemotherapy resistance in T cell populations (Wang et al.,

2017b), further highlighting the importance of developing novel ITK inhibitors followed by rigorous

clinical investigation.

More recently, pre-clinical studies have shown that ITK inhibitors were successful in suppressing tumor

growth in models of T cell lymphoma (Li et al., 2020). A topical retinoid was shown to inhibit ITK and reduce

tumor growth in a murine model of cutaneous T cell lymphoma (Li et al., 2020). Another study showed that

ITK inhibition worked synergistically with chemotherapy in a T cell lymphoma xenograft model (Liu et al.,

2019), and ibrutinib was shown to shrink tumor burden using a novel T cell lymphomamurinemodel (Allchin

et al., 2019). However, despite these findings, a recent pilot study found that 14 patients with refractory

T cell lymphoma failed to respond to ibrutinib (Kumar et al., 2018).
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A novel immunotherapeutic approach

Malignancies, autoimmune diseases, and even parasitic and other infectious diseases are often a conse-

quence of, or result in, aberrant T cell fates. A common form of immune subversion bymalignancies is skew-

ing of helper T cell populations toward Th2 cells within the tumor microenvironment. This results in a

reduced capacity of the adaptive immune system to recognize and kill tumor cells. It is well established

that ITK signaling plays an integral role in the generation of Th2 responses and is therefore essential for

the humoral responses and B cell functions orchestrated by the adaptive immune system (Andreotti

et al., 2010). ITK signaling is also essential for normal T cell development (Liao and Littman, 1995). Multiple

studies have shown that ITK-knockout and/or ITK-mutant mice are unable to launch Th2 responses despite

exposure to conditions that typically elicit strong humoral activity (Fowell et al., 1999; Schaeffer et al., 2001).

Not only do knockout or mutant ITK conditions result in blunted Th2 function, but they also additionally

result in increased expression of T-bet and Th1-related cytokines, under the same conditions that typically

elicit a Th2 response (Miller et al., 2004). More recent evidence has shown that IL-4, often associated with

parasitic infections and subsequent Th2 responses, as well as allergic diseases, causes expansion of Th1

cells under ITK-knockout conditions (Kannan et al., 2017). ITK-knockout or ITK-dysfunctional T cells are

not anergic and impaired; instead, they are transformed into powerful elicitors of cytotoxic activity with

the potential to fight cancer. The Th1 lineage of CD4 cells is responsible for cellular immunity and therefore

is essential for the immune system’s anti-tumor capabilities. Pre-clinical and clinical studies have shown

promise in increasing the Th1/Th2 ratio to bolster the anti-tumor response as an effective treatment of ma-

lignancies (Andreotti et al., 2010; Miller et al., 2004). One study showed that intratumor injections of IL-12

mRNA resulted in significant tumor regression, depending on a Th1 transformation of the tumor microen-

vironment, increases in IFN-g production, and subsequent CD8 function (Hewitt et al., 2020). A separate

study showed that a compound (FBrf0243740) isolated from a traditional Chinese herb could also induce

a Th1 transformation and decrease tumor burden in breast cancer models nearly as well as the commonly

used estrogen receptor blocker, tamoxifen (Zhao et al., 2019).

Other more clinically relevant studies have shown that ibrutinib can induce a Th1 transformation; it may be

an effective treatment of hematological malignancies, solid tumors, and infectious diseases; and it may

even help with the in vitro expansion of CAR-T cells (Schaeffer et al., 2001; Kannan et al., 2017). Ibrutinib

was also shown to be effective in treating visceral leishmaniasis in a preclinical model (Varikuti et al.,

2019). Serum cytokine analysis of patients with chronic lymphocytic leukemia (CLL) receiving ibrutinib

showed an increase in the Th1-related cytokine IFN-g and a decrease in the Th2-related cytokines IL-10,

IL-4, and IL-13 (Dubovsky et al., 2013). Ibrutinib decreased the expression of the immune checkpoint mol-

ecules PD-1 and CTLA-4 by CLL cells in vivo (Long et al., 2017). Ibrutinib was also shown to be effective in

improving the yield and development of CAR-T cells in CLL patient samples, which has remained difficult

compared with other B cell malignancies treated with CAR-T cells (Fan et al., 2021). All of these studies

highlight the potential of ITK inhibition as a novel immunotherapeutic approach to cancer treatment.

ALLERGIC DISEASES

Asthma

Aberrant Th2 function is observed in andmay be the primary driver of many allergic disorders. As previously

stated, ITK signaling is essential for Th2 differentiation and subsequent production of related cytokines

(Andreotti et al., 2010). Asthma is one of the most common chronic diseases with a worldwide prevalence

of 4.3% in adults (Papi et al., 2018). Asthma is a heterogeneous condition most often mediated by Th2

function and production of IL-5, IL-4, IL-9, and IL-13. These cytokines initiate IgE class switching, mast

cell activation, and the recruitment of eosinophils and other granulocytes. This ultimately leads to airway

hyperresponsiveness, smooth muscle hypercontractility, and airway remodeling. Targeted therapies for

asthma, such as monoclonal antibodies against IgE and IL-5, have proven to be effective in patients who

fail to improve with standard therapy (Long et al., 2017).

Multiple murine models have demonstrated the importance of ITK in asthma pathogenesis (Mueller and

August, 2003; Ferrara et al., 2006; Gomez-Rodriguez et al., 2016). These studies showed significantly

reduced cytokine-mediated lung inflammation and mast cell degranulation, as well as decreased airway

hyperresponsiveness, in ITK-knockout or ITK-mutant mice with ovalbumin-induced asthma. Genetic

studies have also revealed a polymorphism in the promoter region of ITK that increases the risk of allergic

asthma (Lee et al., 2011). This suggests that ITK may be a therapeutic target for asthma; however, paradox-

ical results have been observed in studies investigating the efficacy of a small molecule ITK inhibitor in a
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murine asthma model (Sun et al., 2015; Lin et al., 2004). Surprisingly, treatment with the small molecule ITK

inhibitor failed to show reduced lung inflammation and instead showed an increase in Th2-related cyto-

kines (Sun et al., 2015). However, ibrutinib was recently shown to reduce airway inflammation in a murine

model of mixed granulocytic asthma (eosinophilic and neutrophilic), a phenotypic subtype of allergic

asthma that is commonly resistant to corticosteroid treatment (Nadeem et al., 2019). However, it is difficult

to conclude that these observed effects are solely a result of T cell inhibition, due to the expression of BTK

and other Tec family kinases on mast cells as well (Felices et al., 2007). Despite these contradictory results,

further investigation into ITK as a target for asthma treatment is warranted.
Atopic dermatitis

Cutaneous disorders not only cause significant pain and discomfort but can also result in severe

emotional and social stress because of their cosmetic effects. Atopic dermatitis is the most common in-

flammatory skin condition with a prevalence in the United States of 11.3%–12.7% and 6.9%–7.6% in chil-

dren and adults, respectively (Kim et al., 2019). Patients with atopic dermatitis tend to have a history of

other allergic disease (i.e., asthma, eczema) and present with pruritus and dry skin often triggered by an

allergen (Jameson et al., 2018). The pathogenesis of atopic dermatitis is complex and not fully eluci-

dated; however, skin barrier dysfunction and an aberrant upregulation of Th2 cytokines following

allergen exposure are central to its development (Kim et al., 2019). Treatment of atopic dermatitis

typically includes application of topical glucocorticoids, and occasionally calcineurin inhibitors. Various

systemic targeted monoclonal antibodies against different interleukins have recently been FDA

approved for patients who fail initial therapy.

Genetic studies have revealed that certain ITK polymorphisms are associated with an increased risk of

atopy and seasonal allergies (Graves et al., 2005; Benson et al., 2009). A clinical study showed that

T cells from patients with mild to severe atopic dermatitis had increased expression of ITK (Matsumoto

et al., 2002). A preclinical study showed that the inhibition of ITK with a small molecule effectively reduced

skin inflammation in a hypersensitivity murine model (von Bonin et al., 2011). These studies suggest that ITK

may be a useful target in the treatment of atopic dermatitis. Studies examining the efficacy of a topical ITK

treatment would be beneficial, since the current topical treatments for atopic dermatitis (glucocorticoids

and calcineurin inhibitors) do have significant side effects, especially following prolonged use (Jameson

et al., 2018).
INFECTIOUS DISEASES

Leishmaniasis

Leishmaniasis is caused by the eukaryotic intracellular protozoan of the genus Leishmania and is most

frequently observed in developing tropical regions (Jameson et al., 2018). Most exposed individuals mount

a successful Th1 immune response and clear the pathogen, but for unknown reasons, some individuals will

mount a predominantly Th2-mediated response. These individuals are unable to clear the protozoa and

develop severe disease of the reticuloendothelial system. The Th2-related cytokine IL-10 plays an impor-

tant role in the pathogenesis, particularly due to its inhibitory role of macrophage function (Dayakar et al.,

2019).

As previously discussed, ITK signaling is important for Th2 function, potentially due to regulation of

GATA-3 (Andreotti et al., 2010). One murine model of cutaneous leishmaniasis showed that the use of ibru-

tinib was efficacious and that disease response negatively correlated with Th2 cytokine levels (Dubovsky

et al., 2013). Another promising study showed that the use of ibrutinib was superior to the commonly uti-

lized pentavalent antimonial treatment in amurinemodel of visceral leishmaniasis (Varikuti et al., 2019). The

same study also showed an increase in IFN-g and enhanced mature granuloma formation, leading to

improved clearance of the parasite from liver tissue in ibrutinib-treated mice.
Opportunistic infections

Patients with leukemia are chronically immunosuppressed owing to the natural pathogenesis of the disease

and owing to myelosuppression from chemotherapeutic regimens (Morrison, 2010). This leaves them

vulnerable to opportunistic infections, which are a common cause of death in this patient population.

Many patients with leukemia are on chronic antibiotic prophylaxis for opportunistic infections such as pneu-

mocystis pneumonia (PCP) (Truong and Ashurst, 2021).
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A recent study found that pre-treatment with ibrutinib improved immune responses against and clearance

of Listeria monocytogenes in a murine model of leukemia (Dubovsky et al., 2013). The leukemic mice

treated with ibrutinib mounted stronger and more robust immune responses compared with the untreated

mice. In fact, the immune response mounted in the treated arm of the study was greater than the immune

response observed in non-leukemic mice. The treated leukemic mice also cleared the infection at a similar

rate as healthy mice. This study highlights the potential for ITK inhibition as an adjuvant prophylactic ther-

apy in immunosuppressed patients.
Human immunodeficiency virus infection

From 2000 to 2016, the annual number of HIV cases fell by more than 40%, reflecting the great advances

made in HIV prevention and antiretroviral therapy (Jameson et al., 2018). Despite these advances, up to

one million people die every year from AIDS-related complications, and resistance to therapy is of con-

stant concern and study. Several studies have shown that ITK plays an important role in both HIV entry

and subsequent replication, effects that are largely due to ITK’s regulatory function on actin polymeriza-

tion (Hain et al., 2018). These studies have shown that both pharmacological inhibition of and RNA inter-

ference with ITK expression decrease viral binding and entry in either Jurket T cells or primary CD4

T cells (Hain et al., 2018; Readinger et al., 2008). One of these studies also showed that ITK signaling

may be necessary for viral replication following viral entry but is not needed for reverse transcription

or DNA integration (Readinger et al., 2008). Additional studies have elucidated the importance of the

interaction between ITK and Nef, a transmembrane accessory protein encoded by HIV, which is highly

correlated with infectivity (Tarafdar et al., 2014; Basmaciogullari and Pizzato, 2014). These studies

show that Nef constitutively activates ITK in a TCR-independent manner. Of interest, ITK inhibition

with a small molecule was successful at inhibiting infectivity and replication of Nef-sufficient HIV but

had no effect on Nef-defective HIV, suggesting that ITK’s impact on HIV functions in a Nef-dependent

manner (Tarafdar et al., 2014).
AUTOIMMUNE DISORDERS

The improper balance between proinflammatory Th17 cells and anti-inflammatory regulatory T cells (Tregs)

plays an essential role in many autoimmune conditions, including rheumatoid arthritis (RA), systemic lupus

erythematosus (SLE), multiple sclerosis (MS), inflammatory bowel disease (IBD), and psoriasis (Lee, 2018;

Fasching et al., 2017). Differentiation of Th17 cells and Treg cells uses a common pathway mediated by

TGF-b. Differentiation into either Th17 or Treg cells is regulated by additional co-stimulatory molecules

present within the microenvironment of CD4 cells sensitized to TGF-b. Some examples of these co-stimu-

lators are IL-6, which leads to Th17 differentiation, and IL-2, which causes Treg differentiation. It is well es-

tablished in the literature that ITK signaling negatively regulates Treg cells and positively regulates Th17

cells (Elmore et al., 2020; Mamontov et al., 2019; Gomez-Rodriguez et al., 2009). Attenuation of TCR

signaling by ITK or SLP-76 dysfunction causes upregulation of Foxp3, the master regulator of Treg differ-

entiation. The mechanism by which ITK positively upregulates Th17 differentiation is not as well under-

stood; however, one study showed that CD4 T cells with dysfunctional ITK differentiated into Treg cells

despite stimulation with IL-6 and TGF-b (Gomez-Rodriguez et al., 2014). Further supporting ITK’s role in

Th17 function is a study of a patient suffering from a rare ITK deficiency, who was found to produce less

Th17-related cytokines (Eken et al., 2019). These studies indicate that ITK inhibition may help to restore

the aberrant Th17/Treg balance found in autoimmunity. In fact, some studies have already highlighted

the potential for ITK inhibition to regulate Th17 and Treg function (Gomez-Rodriguez et al., 2014; Nadeem

et al., 2020b). Recent whole genome sequencing of families with significant clustering of autoimmune dis-

ease has identified variants in the proximal TCR signaling pathway, including the formation of the LAT-

SLP76 complex (Wang et al., 2020), further supporting the potential of ITK inhibition in autoimmune

conditions.
Rheumatoid arthritis

RA is the most common cause of chronic inflammatory arthritis and is characterized by polyarticular joint

inflammation, as well as other systemic manifestations such as rash and weight loss (Jameson et al.,

2018). This disease commonly effects adult females and tends to progress in intensity. The treatment of

rheumatoid arthritis has become exceedingly complex with the development of various biologic and small

molecule inhibitors, but many patients continue to be treated with the powerful chemotherapeutic,

methotrexate.
iScience 24, 102842, August 20, 2021 5
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The classic manifestations of RA are caused by the immunological destruction of synovial tissue and under-

lying bone and cartilage (Jameson et al., 2018). Like many autoimmune conditions, the exact mechanism of

disease pathogenesis remains elusive. However, the essential role of Th17 cells in RA pathogenesis was

described in one study, which showed an increase in IL-17 expressed by Th17 cells in the synovial fluid

of patients with early RA (Raza et al., 2005). Additional studies have correlated Th17 cells and Th17-related

cytokine levels in the synovial fluid and serum with disease severity (Zizzo et al., 2011; Rasmussen et al.,

2010). A recent phase III clinical trial of secukinumab, an IL-17A inhibitor, was shown to be efficacious in

patients with RA who had failed previous therapy (Blanco et al., 2017).

As previously stated, ITK signaling positively regulates the proinflammatory effects of Th17 cells (Mamon-

tov et al., 2019; Gomez-Rodriguez et al., 2009). A growing body of evidence suggests that BTK inhibitors are

efficacious in the treatment of RA. This includes evidence that a BTK inhibitor prevents disease progression

in murine models of both RA and SLE (Haselmayer et al., 2019; Cohen et al., 2020). A phase II trial of Fene-

brutinib, a BTK inhibitor, also showed that modulation of BTK is efficacious in patients with RA (Cohen et al.,

2020). To our knowledge, neither of these pharmacologic agents were evaluated for potential activity

against ITK. Therefore, it is possible that some of the observed benefits in these studies could be due to

Th17 suppression secondary to ITK inhibition.

Systemic lupus erythematosus

SLE is characterized by tissue damage mediated by autoantibodies and immune complex formation, with

the potential to damage nearly every organ system (Jameson et al., 2018). Nephritis is typically the most

serious manifestation, responsible for a large percentage of SLE-related mortality. Depending on the

severity of the disease, SLE is treated with nonsteroidal anti-inflammatory drugs, antimalarial medications

like hydroxychloroquine, and/or glucocorticoids. The use of biologics and more targeted therapies for SLE

is an area of intense study, especially for the treatment of lupus nephritis.

SLE pathogenesis is initiated by the overproduction of immunogenic forms of nucleic acid as well as other

self-antigens (Jameson et al., 2018). This immunogenic and inflammatory environment causes a shift in the

CD4 population away from Tregs and toward Th17 and Th1 cells. Clinical studies of patients with SLE and

animal models of SLE have observed an increase in Th17 function and a decrease in Treg function in both

serum and tissue samples (Gomez-Rodriguez et al., 2009; Nadeem et al., 2020b). In fact, several interven-

tions aimed at restoring Th17/Treg balance in patients with SLE have proven successful, including infusions

of mesenchymal stem cells (Wang et al., 2017a), autologous Treg transplantation (Dall’Era et al., 2019), and

mTOR blockade (Kato and Perl, 2018). To our knowledge, no clinical or preclinical studies have investigated

the efficacy of ITK inhibition in SLE. However, recent evidence has shown an increase in expression of ITK in

SLE patient samples (Xu et al., 2016), further supporting future investigation into ITK inhibitors for SLE

therapy.

Multiple sclerosis

MS is an autoimmune disease of the central nervous system characterized by chronic inflammation and

demyelination (Jameson et al., 2018). Onset of MS can be abrupt or insidious, with many patients experi-

encing visual disturbances, paresthesias, and weakness. MS is a progressive and debilitating disease, often

leaving patients functionally disabled. Management of MS typically includes the use of glucocorticoids for

acute attacks and long-term use of immuno-modulating agents like IFN-b and natalizumab. The treatment

of MS has an additional layer of complexity compared with the other diseases covered in this review, since

any potential new therapy must be able to cross the blood-brain barrier.

MS pathogenesis is rooted in the recognition of myelin basic protein by auto-reactive T cells, which leads to

aberrant upregulation of Th1- and Th17-related cytokines (Jameson et al., 2018). Multiple animal models

and MS patient sample studies have suggested that the Th17-related cytokines IL-17 and IL-23 may play

an essential role in disease pathogenesis (Wen et al., 2012). In addition, a small clinical trial of Secukinumab,

a monoclonal antibody against IL-17A, showed that inhibition of IL-17A was effective in reducing MS pla-

ques on MRI (Havrdová et al., 2016). However, larger studies with more clinically relevant outcomes are

needed. Despite the links between ITK signaling and Th17 function, there has been little investigation

into ITK blockade and its effects on MS pathogenesis. A single study did reveal that ITK-knockout mice,

as well as mice who received an autologous graft of ITK-knockout CD4 T cells, had less severe disease

in a murine model of MS (Kannan et al., 2015).
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Inflammatory bowel disease

IBD is an immune-mediated chronic condition with two subtypes: ulcerative colitis and Crohn’s disease

(Jameson et al., 2018). Depending on the subtype, patients typically present with abdominal pain, diarrhea,

and rectal bleeding. Treatment often includes 5-ASA agents and glucocorticoids, although biologics are

increasing in popularity. Untreated IBD can lead to severe complications, including fistula formation and

malignancy.

Disease pathogenesis for IBD is thought to begin with an inappropriate immune response to endogenous

microbiota or other antigens within the intestines (Jameson et al., 2018). Under normal conditions this

abnormal response would be quickly suppressed, but aberrant regulation leads to disease. Tregs within

the intestines are responsible not only for dampening immune recognition of self-antigens but also for pre-

venting immune responses to harmless dietary and commensal organism antigens (Tanoue et al., 2016). It is

unclear what causes the failure of the regulatory systems to ameliorate inflammation in patients with IBD,

but an observed decrease in the Treg/Th17 ratio in patient populations is well established (Ueno et al.,

2013).

Several preclinical studies have demonstrated the potential utility of ITK blockade in the treatment of IBD

(Cho et al., 2015, 2020). These studies showed that ITK-knockout mice have impaired migration of lympho-

cytes into intestinal tissue (Cho et al., 2020) and that the use of a small molecule inhibitor of ITK in a murine

model of IBD decreased symptoms, decreased migration of Th1 and Th17 cells, and paradoxically

decreased Treg differentiation (Cho et al., 2015). To our knowledge, no clinical studies have investigated

the use of ITK inhibitors in IBD. We believe the evidence warrants further pre-clinical and clinical

investigation.
Psoriasis

Psoriasis is one of the most common cutaneous conditions, affecting up to 2% of the worldwide population

(Jameson et al., 2018). It is characterized by the presence of scaly plaques commonly located on extensor

surfaces, the scalp, and the trunk. Treatment typically consists of topical glucocorticoids, with

systemic immunosuppressive agents or targeted biologics reserved for severe disease. The etiology of

psoriasis remains elusive, but evidence suggests that it is a T cell-mediated disease with a strong genetic

component.

The involvement of IL-23 and Th17 function in psoriasis pathogenesis is well established. IL-23 injection into

mice has been shown to mimic psoriasis plaque development (Mak et al., 2009), and genetic studies

identified variants of the IL-23 receptor that are protective against psoriasis (Capon et al., 2007). Treg cells

have also been shown to play a role in disease pathogenesis, as serum analysis of patients with psoriasis

showed adequate levels of Tregs, but these Tregs were dysfunctional in their inhibitory properties

(Sugiyama et al., 2005).

Several studies have investigated the role of ITK in psoriasis pathogenesis. One study showed that mRNA

expression of ITK, was upregulated in human psoriatic plagues (Fuhriman et al., 2018). The same study

found that the use of a small molecule inhibitor of both RTK and ITK decreased cytokine production by

Th17 cells in vitro and resulted in a clinical reduction of both scaling and erythema as well as decreased

epidermal hyperplasia in two separate psoriatic murine models. Immunofluorescent staining showed a

decreased dermal phosphorylation of STAT3 following ITK/RTK blockage, which has been linked to kera-

tinocyte proliferation in psoriasis. Systemic TNF-a levels were also reduced following treatment. A separate

study successfully showed that activation of STAT3 and NF-kB by upstream ITK was associated with upre-

gulation of Th17 cells and increased neutrophilic inflammation of the skin in amurinemodel (Nadeem et al.,

2020a). They additionally found that preventative treatment with an ITK inhibitor resulted in a reduction of

Th17 cells and enhancement of Tregs. Finally, administration of the first topical ITK inhibitor was shown to

be effective in a murine model of psoriasis (Otake et al., 2021).
SOLID ORGAN AND BONE MARROW TRANSPLANTATION

Solid organ transplantation

The only treatment of severe end organ damage is organ transplantation (Black et al., 2018). Solid organ

transplant recipients must take chronic immunosuppressive medications, such as calcineurin inhibitors,
iScience 24, 102842, August 20, 2021 7
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mTOR inhibitors, and glucocorticoids, in order to prevent immune-mediated transplant rejection. The

chronic use of these medications can have debilitating side effects, and these drugs are especially neph-

rotoxic. Graft rejection is mediated by T cells, which recognize allo-antigens, resulting in both cellular and

humoral immune responses (Ingulli, 2010).

Tregs suppress the immune functions of other cells through multiple mechanisms, including synthesis of

the anti-inflammatory cytokines TGF-b and IL-10, direct cytotoxicity against effector T and B lymphocytes,

and possibly even direct suppressive effects against dendritic cells (Vignali et al., 2008). Several clinical and

pre-clinical trials have investigated the utility of enhancing Treg function as a replacement for chronic

immunosuppression in the solid organ transplant patient population. Phase I trials have shown that autol-

ogous Treg transplantation is safe in kidney and liver transplant recipients, although no conclusions on the

efficacy of Treg treatment can bemade from these studies (Chandran et al., 2017; Mathew et al., 2018; Todo

et al., 2016). However, current phase II trials are underway in both liver and kidney transplant recipients

(NCT02711826, NCT01446484, NCT01446484).

Despite the lack of clinical evidence for the efficacy of autologous Treg transplantation, other preclinical

and clinical studies suggest that upregulation of Treg function increases graft tolerance and prevents rejec-

tion (Fisher et al., 2019). However, at least one clinical trial showed that Treg levels did not correlate with

lower graft injury in kidney transplant recipients (Ruggenenti et al., 2007). Even if autologous Treg trans-

plantation is proven to be efficacious in preventing graft rejection, its utility will be hindered by the

complexity and expense of generating Treg cells ex vivo. It is reasonable to theorize that the inhibition

of ITK could mimic the effects of autologous Treg transplantation due to ITK’s inhibitory role in FOXP3

expression, thereby ameliorating the necessity for expensive and complicated ex vivo expansion of Tregs.

One recent study showed that ITK knockdown using RNA interference in primary human CD4 cells

increased the expression of Foxp3, resulting in a subsequent increase in Treg differentiation (Mamontov

et al., 2019). Of interest, the opposite was observed in primary human CD4 cells following treatment

with an RTK/ITK inhibitor, suggesting that RTK and ITK may have opposing roles in the regulation of

Foxp3 expression. Another study showed that ITK inhibition increased allograft survival and reduced

Th1/Th17 function in a murine model of cardiac transplantation, although a corresponding increase in

Treg function was not observed (Huang et al., 2020) (Figure 2).
Bone marrow transplantation

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a well-established treatment of hemato-

logical disorders that are resistant to initial therapy (Copelan et al., 2019). Allo-HSCT involves grafting of

hematopoietic stem cells from donors with similar, or in the best-case scenario, identical, HLA alleles.

The most common life-threatening complication of such an invasive therapy is graft-versus-host disease

(GVHD) (Copelan et al., 2019). Approximately 30%–70% of allo-HSCT recipients will develop acute

GVHD, which typically presents with a diffuse maculopapular rash, liver dysfunction, and diarrhea. GVHD

is mediated by donor T cells (from the graft), which mount a systemic immune response against the recip-

ient’s tissues (the host). Current standard therapy for the prophylaxis of GVHD in allo-HSCT recipients in-

cludes the combined use of calcineurin inhibitors and methotrexate (Ruutu et al., 2014). Despite the utility

of immunosuppressive agents in preventing GVHD, they also suppress the beneficial phenomenon often

seen in allo-HSCT patients known as the graft-versus-leukemia (GVL) effect (Chang et al., 2018). GVL,

like GVHD, is mediated by donor T cells, but the donor T cells mount an immune response against malig-

nant cells rather than against normal healthy tissues (Mammadli et al., 2020). However, because GVL and

GVHD are mediated by the same donor T cells, these processes are intricately linked (Figure 3).

Our own work and that of others has highlighted some key differences in the pathogenesis of GVL and

GVHD, which may be utilized to prevent GVHD without suppressing GVL. GVHD pathogenesis relies heavi-

ly on inflammatory cytokine production and T cell migration to target tissues and can be ameliorated by an

upregulation of Treg cells, whereas GVL tends to be mediated by direct cell-mediated cytotoxicity (Chang

et al., 2018). Therefore, ITK inhibition may be effective in preventing GVHD owing to suppression of pro-

inflammatory Th2- and Th17-related cytokines and upregulation of Tregs, while allowing for and possibly

enhancing the cell-mediated cytotoxic effects.

Both clinical and preclinical studies have shown the utility of ibrutinib in preventing GVHD. In fact, our lab-

oratory has recently shown that mutation or inhibition of the adaptive linker molecule SLP76, which is
8 iScience 24, 102842, August 20, 2021



Figure 2. ITK is a critical for several T cells mediated diseases

Selective inhibition of SLP76:ITK signaling will have a significant impact on T cell lymphoma, owing to Th1 cell expansion and increased T-bet and Eomes

expression. This inhibition might also have an impact on allergic diseases, owing to Th2 cell reduction and decreased GATA3 expression. ITK inhibition will

have an impact on autoimmune diseases owing to Th17 cell reduction and reduced expression of RORgt. The inhibition of ITK upregulates FOXP3-positive

Tregs, which are critical for improving organ transplantation outcomes.
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essential for ITK signaling, effectively reduced GVHD symptoms without a corresponding suppression of

GVL in murine models (Mammadli et al., 2020, 2021a). These studies showed that irradiated mice trans-

planted with ITK knockout T cells and challenged with B-ALL cells still benefited fromGVL but did not suffer

from severe GVHD and lived longer post bone marrow transplant than irradiated mice that were trans-

planted with wild-type T cells. Reduced cytokine production and donor T cell infiltration of the liver,

skin, and intestine in irradiated mice that received transplantation with ITK knockout T cells were also

observed. These observations were reproduced when irradiated mice were transplanted with T cells

with a SLP76 mutation at the Y145 position. Finally, a peptide that inhibits the phosphorylation of SLP76

at the Y145 position was shown to decrease phosphorylation of ITK and PLCg in both human and mouse

T cells in vitro. The SLP76 inhibitor was also successful in uncoupling GVL from GVHD in the same murine

model of GVHD (Mammadli et al., 2020, 2021b).

A clinical study showed that none of the 27 patients with CLL observed developed GVHD following allo-

HSCT and ibrutinib treatment (Ryan et al., 2016). The study also found a decrease in GATA3 expression

and Th2 function with no corresponding effect on T-bet expression following treatment with ibrutinib in

the same human sample. Despite these exciting results in human patients, clinical trials comparing the ef-

ficacy of the current standard drugs for GVHD prophylaxis to ibrutinib are needed.

CURRENT LIMITATIONS

To our knowledge, the only completed clinical study investigating the efficaciousness of ITK blockade in

patients with T cell lymphoma failed despite the preponderance of pre-clinical evidence suggesting that

this blockade would be beneficial (Kumar et al., 2018). However, clinical study cannot definitively disprove

the potential benefit of ITK inhibition in T cell malignancy, for several reasons. These include the small sam-

ple size (n = 14), the diversity of pathologies treated in the study (both cutaneous T cell lymphoma and

various subtypes of PTCL), and that the study only included patients suffering from refractory, previously
iScience 24, 102842, August 20, 2021 9



Figure 3. Targeting ITK can differentiate GVHD from CVL

Current treatments to suppress GVHD following allo-HSCT often involve general immunosuppressive agents, such as cyclosporine A, which block donor

T cell receptor (TCR)-mediated signaling and hence block general T cell activation. However, these agents can simultaneously inhibit GVL effects, increasing

the chance of relapse. Thus, the identification of TCR-mediated signaling pathways that selectively maintain GVL effects while attenuating GVHD would be

an optimal therapeutic intervention to differentiate GVHD from GVL. GVHD and GVL are mediated by the same donor T cells. Therefore, it is essential to

understand which functions of T cells are critical for GVHD and which are important for GVL function. These donor T cell functions include donor T cell

trafficking to GVHD target organs, inflammatory cytokine production by donor T cells, and cytotoxicity against tumor cells.
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treated disease. In fact, a larger-scale trial investigating a novel ITK inhibitor is currently underway in pa-

tients with T cell lymphoma and is scheduled to be completed in 2022 (NCT03952078).

As previously stated, PTCL is a notoriously difficult disease to categorize owing to its heterogeneity. The

elevated expression of ITK and the presence of constitutively active ITK fusion proteins may be limited

to specific subtypes of PTCL, rather than being a general characteristic of the disease (Sabattini et al.,

2010; Boddicker et al., 2016). Therefore, an improved understanding of the presence of aberrant ITK

signaling in various subtypes of PTCL, through more robust observational studies, could facilitate the for-

mation of clinical trials in subpopulations of patients who are most likely to benefit from ITK inhibition.

Observation of the few individuals with confirmed genetic ITK deficiencies allows us to theorize the poten-

tial complications of pharmaceutical inhibition of ITK. Case reports of these individuals reveal an increased

risk of EBV-induced lymphoproliferative disease, which can progress to lymphoma (Ghosh et al., 2014).

Other reports show an inability to mount proper immune responses to human papilloma virus, leading

to disseminated cutaneous warts that can develop into squamous cell carcinoma (Youssefian et al.,

2019). This is an interesting juxtaposition to other viral infections such as HIV or influenza, whichmay require

the ITK protein for replication within T cells (Fan et al., 2012; Readinger et al., 2008). Opportunistic infec-

tions will also be of concern in patients receiving ITK inhibitors. Ibrutinib monotherapy is associated with

invasive fungal and bacterial infection in patients with leukemia and lymphoma (Varughese et al., 2018).

Caution must also be used when interpreting the effect of ibrutinib in the pre-clinical and clinical studies

mentioned above. B cells are essential for the pathogenesis of many of the diseases discussed, and it is
10 iScience 24, 102842, August 20, 2021



Table 1. The role of ITK in various diseases, with supporting references

Diseases Current treatment The role of ITK Possible therapy References

Peripheral

T cell lymphoma

Chemotherapy regimen ITK-SYK fusion protein ITK and BTK

Inhibitors

Sabattini et al., 2010

Moskowitz et al., 2014

Moskowitz et al., 2014

Li et al., 2020

Asthma Inhaled corticosteroids ITK polymorphisms ITK and BTK

Inhibitors

Mueller and August, 2003

Lee et al., 2011

Sun et al., 2015

Atopic dermatitis Glucocorticoids ITK polymorphisms ITK and BTK

Inhibitors

Graves et al., 2005

Benson et al., 2009

Matsumoto et al., 2002

Leishmaniasis Pentostam

Glucantime

Regulation of GATA-3 ITK and BTK

Inhibitors

Graves et al., 2005

Dubovsky et al., 2013

Varikuti et al., 2019

Listeria

monocytogenes

Antibiotic therapy Th2 cytokine ITK and BTK

Inhibitors

Truong and Ashurst, 2021

Pneumocystis

pneumonia (PCP)

Antibiotic prophylaxis Th2 cytokine Selective ITK Inhibitors Dubovsky et al., 2013

HIV Antiretroviral therapy Actin polymerization

Nef activates ITK

Selective ITK Inhibitors Hain et al., 2018

Tarafdar et al., 2014

Basmaciogullari and Pizzato, 2014

Rheumatoid

arthritis (RA)

Chemotherapeutic,

methotrexate

ITK regulates the

Th17 cells

ITK and BTK

Inhibitors

Raza et al., 2005

Zizzo et al., 2011

Gomez-Rodriguez et al., 2009

Systemic lupus

erythematosus (SLE)

Hydroxychloroquine

Glucocorticoids

Th17 increase

Treg decrease

ITK and BTK

Inhibitors

Gomez-Rodriguez et al., 2009,

Nadeem et al., 2020b

Multiple sclerosis (MS) Glucocorticoids

Natalizumab

Th1- and Th17-related

cytokines

ITK and BTK

Inhibitors

Jameson et al., 2018

Havrdová et al., 2016

Inflammatory bowel

disease (IBD

5-ASA glucocorticoids Decrease in the

Treg/Th17 ratio

Selective ITK Inhibitors Ueno et al., 2013

Cho et al., 2020

Psoriasis Glucocorticoids

Immunosuppressive

agents

IL-23 and Th17

function

Selective ITK Inhibitors Mak et al., 2009

Capon et al., 2007

Sugiyama et al., 2005

Solid organ

transplantation

Glucocorticoids

Calcineurin inhibitors

mTOR inhibitors

Th1/Th17 cytokines Selective ITK inhibitors

reduced cytokine

Ingulli, 2010

Huang et al., 2020

Fisher et al., 2019

Bone marrow

transplantation

Calcineurin inhibitors

methotrexate

Glucocorticoids

Th1/Th17 cytokines Selective ITK Inhibitors Chang et al., 2018

Mammadli et al., 2020
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therefore possible that some of the observed benefits of ibrutinib are derived from dual blockage of both

ITK and BTK. If the observed efficacy of ibrutinib is due to dual blockage, a more targeted ITK inhibitor may

prove to be less efficacious. The expression of BTK and other Tec family kinases by mast cells also poten-

tially confounds observed results (Felices et al., 2007).

FUTURE DIRECTIONS

Further investigation into ITK inhibition as an immunotherapeutic target will be particularly interesting. In

fact, several larger-scale clinical trials are currently recruiting for the use of ibrutinib as an adjuvant therapy

in patients with CLL (NCT04639362, NCT03400176, NCT04771507). The result of these studies will be

particularly interesting, and if proven efficacious, ITK inhibitors could help usher in a new age of immuno-

therapeutic potential. However, it will be difficult to determine if any observed outcome is primarily from

direct inhibition of malignant cells (BTK inhibition) or from a Th1 transformation (ITK inhibition). However, a

separate clinical study slated to end in 2021 is investigating how ibrutinib alters the immune cell population
iScience 24, 102842, August 20, 2021 11



ll
OPEN ACCESS

iScience
Review
in patients with metastatic solid tumors (NCT03525925). The results of this study will better support the util-

ity of ITK inhibitors as an immunotherapeutic target.

Another avenue of study would be to investigate if Fenebrutinib, a BTK inhibitor, which in phase II clinical

trials was shown to be efficacious in patients with RA (Cohen et al., 2020), is also an inhibitor of ITK. As

previously stated, it is reasonable to theorize that some of the observed benefit in this clinical trial was

partially due to ITK inhibition, since to our knowledge, no small molecule has been shown to inhibit ITK

or BTK without inhibiting the corresponding homolog. In our laboratory, we are attempting to overcome

this homology problem by investigating whether our novel SLP-76 inhibitor is specific and does not

inhibit the corresponding B cell homolog, SLP-65, which activates BTK. This research is ongoing, but

we believe more investigation into the inhibition of upstream activators of critical signaling kinases,

such as ITK and BTK, will prove to be an effective strategy in bypassing the conserved structure seen

in many tyrosine kinases.

CONCLUSION

We hope that this review may facilitate more robust pre-clinical and clinical investigations into the use of

ibrutinib and other ITK inhibitors for diverse pathologies. We believe that the pre-clinical and clinical liter-

ature strongly supports further investigation into ITK inhibitors for the targeted treatment of the diseases

highlighted in this review. Ibrutinib is currently the most feasible drug for clinical use as an ITK inhibitor,

since it has been approved by the FDA and has been shown to be efficacious in several of the diseases dis-

cussed above. However, ibrutinib’s indiscriminate inhibition of both ITK and BTK has the potential to lead

to severe side effects such as immunosuppression. Therefore, novel inhibitors that disrupt ITK signaling,

such as the SLP76 inhibitor previously described (Mammadli et al., 2021b), are needed in order to effec-

tively overcome the problem of ITK/BTK homology, and will thus be a more targeted and effective therapy.

We must additionally acknowledge that some of the observed benefit of ibrutinib in the various autoim-

mune and allergic conditions discussed could be due to its inhibitory effect on B cells and other immune

cells and not solely due to ITK inhibition within T cells.

LIMITATIONS OF THE STUDY

Currently, this study’s limitation is that our novel peptide SLP76pTYR can only be used in vitro or as a

construct to transduce T cells. We are working with structure and medicinal chemist to make our peptide

smaller and stable to be used in in vivo studies. But in in vitro studies, our peptide reproduces the

SLP76Y145FKI mice.
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