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Abstract: Background: T cells express interleukin-2 inducible T-cell kinase (ITK), which is an essential modulator
of T-cell signaling and function. However, the role of ITK in solid organ transplantation has not been investigated
to date. Here, we studied the function of ITK in a murine cardiac transplantation model. Method: Murine heart
transplantation was performed using BALB/C mice as donors and C57BL/6 mice as recipients. Subsequent intra-
peritoneal injections of an ITK-specific inhibitor (BMS-509744) were performed to assess the effects of the kinase
following cardiac transplantation. Additionally, naive T cells were isolated to investigate the inhibitor’s potential ef-
fects in the alloimmune responses. Results: ITK inhibition was found to promote long-term cardiac allograft survival
compared with the control group of 36.0 + 3.8 days vs. 7.0 + 0.7 days, respectively (P < 0.01). While the Th1/Th17
percentages showed a decrease in prevalence (P < 0.001), the CD4*CD25*Foxp3* percentages were not markedly
affected. In vitro treatment of CD4* T cells with the ITK inhibitor downregulated the proliferation, possibly by regu-
lating the phosphorylation of PLCy. Conclusion: ITK inhibition resulted in lower Th1/Th17 responses after cardiac
transplantation and markedly prolonged the mean survival time of the cardiac allografts. Thus, ITK inhibition might

be a promising therapeutic target to alleviate alloimmune responses in the cardiac transplantation.
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Introduction

The Tec family of tyrosine kinases plays a cru-
cial role in lymphocyte development, activation,
and differentiation [1]. The five main members
of the Tec family are interleukin-2-inducible
T-cell kinase (ITK), BMX non-receptor tyrosine
kinase (BMX), Bruton’s agammaglobulinemia
tyrosine kinase (BTK), TXK tyrosine kinase
(TXK, also RLK), and Tec protein tyrosine kinase
(TEC) [1]. In T cells, the predominant Tec kinase
is ITK, which acts downstream of the T-cell
receptor (TCR) to regulate phospholipase C-y
(PLCy) [2]. ITK signaling has been reported to
regulate effector T cell differentiation and cyto-
kine gene expression [3]. Thus, ITK exhibits an
important role in the modulation of T cell signal-
ing and function.

Early studies using primary murine ITK” T cells
showed that ITK is required for robust T cell
activation in response to TCR with co-stimulato-
ry receptor signaling [3, 4]. ITK” mice showed
greatly reduced CD4* T cells as well as affected
Thi, Th2, and Th17 differentiation and cytokine
production [4]. More specifically, ITK deficiency
has been shown to skew the TCR response to
Th1 differentiation [5], while ITK”- mice revealed
a lower activity in developing functional Th2
cells and showed resistance to allergen chal-
lenge [6]. Furthermore, studies indicated an
important role of ITK in Thl7 differentiation,
and particularly ITK” T cells exhibited reduced
production of IL-17A [4, 7, 8]. In addition, ITK”
CD4* T cells developed higher percentages of
functional Foxp3* cells and higher Foxp3 ex-
pression following in vitro polarization [7]. In
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human studies, genetic deficiency and bio-
chemical inhibition of ITK were found to affect
Th17, Treg, and innate lymphoid cells [8].

The complex phenotype of ITK” mice, including
defects in T cell development, activation, differ-
entiation, and effector function, have made it
difficult to precisely assess the function of ITK
at different stages in each lineage of T cells of
an immune response. Therefore, the use of ITK
inhibitors (ITKi) such as BMS-509744 provides
an alternative, practical strategy for the study
of ITK both in vivo and in vitro. In addition to its
highly selective inhibitory effects, BMS-509744
is not cytotoxic to human and mouse lympho-
cytes [9]. To date, no study has examined the
relation between ITK inhibition and cardiac
transplantation. This work aims to study the
possibility of using ITKi as potential immuno-
suppressant to alleviate graft rejection follow-
ing cardiac transplantation. Furthermore, we
investigated and discussed the effects of IT-
Ki in CD4* T cell-mediated alloimmune res-
ponses.

Materials and methods
Animals

All animals were kept under the guidance of the
Care and Use of Laboratory Animals of the
Laboratory Animal Ethical Commission of Tongji
Medical College, Huazhong University of Sci-
ence and Technology. Mice were aged 6-8
weeks, weighed 20-25 g, and were purchased
from the Animal Center of Tongji Medical Co-
llege. Male BALB/c mice were used as donors,
and male C57BL/6 mice were used as recipi-
ents. The murine heterotopic heart transplan-
tation model was conducted as previously
described [10]. For the isograft group, male
C57BL/6 mice were used both as donors and
recipients. The recipients were divided into
three groups (n = 5 for each group): (1) experi-
ment group, treated after the operation with
the ITK-specific inhibitor BMS-509744 (pur-
chased from MCE, USA) 20 mg/kg injected
intraperitoneally daily; (2) control and isograft
group, administered with DMSO (Sigma-Aldrich,
St. Louis, MO, USA) daily after transplantation.
At the end of the experiment, animals were sac-
rificed, and spleens were collected for down-
stream analysis.
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Cell preparation

The recipients were under Isoflurane anesthe-
sia and surgical remove the spleen at each
time point. Cells were isolated from the spleens
as described previously [11]. Following spleen
collection, 10 mL of cold RPMI medium (GE
Healthcare) supplemented with 1% FBS was
added, and red blood cells were lysed using the
RBC lysis buffer (eBioscience). The resulting
cell suspension was filtered with 40-um mesh-
es. Naive T cells from C57BL/6 mice were iso-
lated using CD4* or CD8" microbeads (Miltenyi
Biotec). Isolated cells were plated in 12- or
24-well plates and activated by plate-bound
anti-CD3 (1.0 mg/mL) and anti-CD28 (2.0 mg/
mL) antibodies (BD Biosciences).

Flow cytometry analysis

Lymphocyte suspension was obtained from the
spleens of the recipients, as described above.
The following monoclonal antibodies were used
(all antibodies were purchased from BD Bio-
sciences, San Diego, USA): FITC-anti-CD4, PE-
CY7-anti-CD8, APC-anti-T-bet, PE-anti-Roryt, PE-
CY7-anti-Foxp3, FITC-anti-annexin V, PI, APC-
anti-IFNy, PE-anti-IL-17a, PE-CY7-anti-IL4, and
PE-anti-CD45. For intracellular cytokine detec-
tion, cells were stimulated with a cell activation
cocktail (2 ug/mL Brefeldin A) for 6 h prior to
collection and staining. Marker expression was
assessed by flow cytometry using a FACS
Calibur Flow Cytometer Il (BD Biosciences, San
Diego, USA). Multi-color flow cytometric data
analysis was performed using the Flowjo V10
software (Tree Star, Ashland, USA).

Real-time PCR

Allografts and spleens were processed for RNA
extraction using the Trizol reagent (TaKaRa,
Shiga, Japan), and cDNA was prepared by
reverse transcription with the PrimeScript RT
Master Mix (TaKaRa, Shiga, Japan). Real-time
PCR was conducted on the StepOne Plus Real-
time PCR System (Applied Biosystems, Foster
City, CA) using SYBR Premix Ex Taq (TaKaRa,
Shiga, Japan). Primer sequences are as follows.
The mRNA expression levels of were measured
by real-time gPCR. IFN-y forward-GCCACGGCA-
CAGTCATTGA, reverse-TGCTGATGGCCTGATTG-
TCTT. IL-2 forward-CCTGAGCAGGATGGAGAAT-
TACA, reverse-TCCAGAACATGCCGCAGAG, IL-17A
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forward-CTCCAGAAGGCCCTCAGACTAC, rever-
se-AGCTTTCCCTCCGCATTGACACAG, GM-CSF
forward-GGCCTTGGAAGCATGTAGAGG, reverse-
GGAGAACTCGTTAGAGACGACTT. T-bet forward-
CAACAACCCCTTTGCGAAAG, reverse-TCCCCCA-
AGCAGTTGACAGT. GATA-3 forward-AGCCACATC-
TCTCCCTTCAG, reverse-AGGGCTCTGCCTCTCTA-
ACC. RORyt forward-TGCAAGACTCATCGACAA-
GG, reverse-AGGGGATTCAACATCAGTGC. Foxp3
forward-ACTGGGGTCTTCTCCCTCAA, reverse-G-
TGGGAAGGTGCAGAGTAG.

Western blot

Cultured cells were directly lysed in sodium
dodecyl sulfate (SDS) buffer and boiled for 10
min at 100°C for denaturation. Proteins were
resolved by 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to a nitro-
cellulose membrane for immunoblotting. Pro-
teins were visualized using HRP-conjugated
anti-mouse or anti-rabbit IgG and the ECL sys-
tem (Amersham Biosciences). Total cell extracts
were prepared in PBS and protease inhibitors.
Protein concentrations were determined using
the protein assay kit (eBioscience).

Statistical analysis

Data are shown as the mean + SD. Graft sur-
vival was assessed using the Kaplan-Meier sur-
vival test. Statistical comparisons were per-
formed using two-tailed Student’s t tests. All
data were analyzed using Prism 7 (GraphPad
Software, La Jolla, USA). Values of P < 0.05
were considered statistically significant (*P <
0.05; **P < 0.01; ***P < 0.001).

Results

Inhibition of ITK prolonged the survival of car-
diac allografts and impaired Th1/TH17 differ-
entiation in vivo

To investigate the role of ITKi in alloimmune
responses and establish a model of acute car-
diac rejection, C57BL/6 mice were used as
recipients for BALB/C donor hearts. Acute
rejection was determined by histological analy-
sis of the dense lymphocytic cellular infiltrate
as well as vasculitis of organ donor vessels.
Inhibition of ITK alleviated acute rejection
(Figure 1A). The mean survival time of the
allograft in the presence of ITKi was 36.0 £ 3.8
days, while it was around five times less in the
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control group (7.0 + 0.7 days; P < 0.01; Figure
1B). Thus, compared with the DMSO group, the
survival of the transplanted heart was signifi-
cantly prolonged by ITKi (Figure 1B). The PR
score of the allograft was significantly lower in
the ITKi-treated group compared with the con-
trol group (Figure 1C).

Furthermore, in the ITKi-treated group, spleno-
megaly was much less severe than in the con-
trol group (Figure 2A). The number of total cells
per spleen in ITKi-treated mice was significantly
decreased on day 7 post-transplantation CD4*
T cells were specifically measured, and total
CD4* T cells per spleen were also consistent
with the organ size (Figure 2A). CD4* T cell sub-
sets were then isolated and analyzed by flow
cytometry. The percentages of CD4*IFNy* and
CDA4*IL-A7A* T cell subsets were significantly
decreased (Figure 2B, 2C). Further evaluations
showed that the total cell number was propor-
tional to the spleen size. Thus, the attenuated
severity of acute rejection in ITKi-treated mice
might be the cause of impaired Th1/Thl17
immune responses.

Inhibition of ITK kinases impaired the CD8* T
cell function in vivo

CD8* T cells are also considered to play an
important role in the alloimmune response.
Therefore, the CD8* T cell function was ass-
essed following the administration of ITKi in
recipient mice. Levels of granzyme B and perfo-
rin in the CD8* T cells of recipient animals
assessed by flow cytometry were decreased
(Figure 3A). Granzyme B and perforin are two
important cytokines released by cytoplasmic
granules in CD8* T cells. These results may
account for the favorable immunosuppressive
effects of ITKi in the cardiac transplantation
model.

Inhibition of ITK did not significantly affect the
Th2/Treg subsets in vivo

Our results suggest that the subsets of CD4*
IL-4* (Figure 2D) and CD4*CD25*Foxp3* (Figure
3B) T cells, as assessed in the long-term pre-
served grafts, were not significantly affected by
ITKi. Although both T cell subsets showed a
slight increase in the ITKi-treated group, this
increase was not statistically significant with
respect to the control group. Therefore, the pre-
valence of CD4*CD25*Foxp3* and CD4*IL-4* T
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Figure 1. ITK inhibition prolongs murine cardiac allograft survival. ITKi reduced the immune rejection of allografts
compared with the control group. A. H&E sections of the cardiac allografts of three groups on day 7 post-transplan-
tation. Tissue lesion is less severe in the ITKi treated group than the control group. More pictures are seen in Figure
S1. B. Survival of cardiac allografts in mice daily injected intraperitoneally with either DMSO or ITKi (20 mg/day per
mouse) starting on the day of the transplant. ITK inhibition significantly prolonged murine cardiac allograft survival
(36.0 + 3.8 days vs. 7.0 + 0.7 days). C. PR scores in the ITKi group was lower than in the DMSO group. PR scores
of allograft tissue sections were evaluated on day 7 post-transplantation. Data are shown as mean + SD for each

group (n = 5).

cell subsets was not significantly affected in
the cardiac transplant model under these spe-
cific conditions.

Inhibition of ITK decreased the infiltration of
CD4* T cells into the myocardial interstitium of
the allografts

Infiltrated cells in the allografts were assessed
by immunohistochemistry to explore the effect
of ITKi on the cardiac allografts. Infiltrated CD3*
T cells and LYBG* neutrophils in the allograft
decreased 7 days after heart transplantation
(Figure 4A, 4B). Furthermore, infiltration of
CD4* T cells into the myocardial interstitium of
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the transplanted heart was significantly re-
duced (Figure 4C). Activated CD4* T cells that
infiltrated into the allografts were critical in allo-
immune responses.

Inhibition of ITK ameliorates inflammation con-
ditions after transplantation

Expression of inflammatory factors in vivo con-
tributes to allograft rejection and tissue dam-
age, while regulation of inflammation is vital for
preventing graft rejection. Inflammatory factors
in the recipients’ spleens and the allografts
were assessed by real-time quantitative PCR.
The studied factors included IFN-y, IL-2, IL.-4,
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Figure 2. The CD4 subsets of lymphocytes from the recipients’ spleen on day 7 were analyzed by FCM. Inhibi-
tion of ITK impaired Th1/TH17 differentiation in the cardiac transplantation model, and alleviated splenomegaly.
A. Splenomegaly developed in the DMSO-treated control group but not in the ITKi-treated group. Total cells per
spleen in the ITKi-treated group were less than in the control control group. Using flow cytometry, CD4* T cell num-
bers decreased in the ITKi-treated group compared with the control. CD4* T cell subsets were further analyzed. B.
CD4*IFN-y* subsets were lower in the ITKi-treated group compared with the control group. C. CD4*IL17a* subsets
were lower in the ITKi-treated group compared with the control group. D. CD4*IL4* subsets were not altered in the
ITKi-treated group compared with the control group.

IL-17A, GM-CSF. Transcription factors included Inhibition of ITK exerts effects through the
T-bet, GATA3, Roryt, and Foxp3 (Figure 5A, 5B). PLCy signaling pathway in vitro

We found that the pro-inflammatory factors

IFN-y and IL-2 were reduced by the ITKi treat- The kinase ITK plays a critical role in the signal
ment, indicating that ITKi may mitigate the transduction downstream of the T cell antigen

receptor and has been implicated in the activa-

inflammatory environment in the cardiac
tion of phospholipase PLC-y1 [12]. The level of

allografts.
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Figure 3. The CD8 T cells and Tregs from the recipients’ spleen on day 7 were analyzed by FCM. CD8* function
was impaired following ITK inhibition in vivo. A. CD8*GranzymeB* and perforin* T cells were much lower in the ITKi-
treated group compared with the control group. B. CD4*CD25*Foxp3* T cells were slightly increased (P>0.05) in the

ITKi-treated group compared with the control group.

PLCy phosphorylation was decreased in the
cardiac allografts 7 days after transplantation
(Figure 5C). To explore the underlying mecha-
nism of the effect of ITKi on T cells in vitro,
CD4* and CD8* cells were treated for 48 h with
ITKi. Given that ITK plays its role partly through
activation following TCR signaling, which re-
quires the activation of PLCy, the levels of PLCy
phosphorylation were investigated by immu-
noblot analysis. The results showed that the
levels of pPLCy were significantly decreased
after the pretreatment with 0.2 uyM ITKi (BMS-
509744) compared with the DMSO group
(Figure 5D, BE). These data suggest that the
alleviation of symptoms associated with severe
alloimmune responses in murine models, as
one of the potential benefits of ITKi, is at least
partly manifested via PLCy signaling.

Discussion

Despite the significant progress in immunosup-
pressive therapy, acute allograft rejection sti-
Il remains a major issue occurring in about
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20-40% of organ recipients and is largely medi-
ated by T cells [13]. Allograft recipients have to
rely on immunosuppressive agents to control
alloreactive CD4* T cells for the rest of their life
[14]. The goal for researchers and clinic physi-
cians is to achieve longer allograft survival with-
out any significant side effects. In our study, we
explored the inhibition of ITK by its specific
inhibitor BMS-509744, which was found to
induce significant impairment in T cell function
and a markedly prolonged cardiac allograft
survival.

To test and confirm the relevance of ITKi inhibi-
tory activity in vivo, we used a murine cardiac
transplantation model and investigated cell-
mediated immune responses in major T cell
subsets, including Th1/TH2/Th17/Treg cells.
We subsequently assessed the effects of ITK
inhibition on CD4* T cell function in vitro and in
vivo. ITKi administration ameliorated the pro-
gression of allograft rejection and the inflam-
matory status. Furthermore, we found that ITK

Am J Transl Res 2020;12(9):5762-5771
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Figure 4. Infiltrated cells in the allografts were assessed by immunohistochemistry to explore the ITKi’s effects on
the cardiac allografts. Inhibition of ITK decreased infiltration of LY6G*, CD3* and CD4* T cells into the myocardial
interstitium of the allografts. A. LY6G™ cells were reduced in the ITKi-treated group compared with the control group.
B. CD3* cells were reduced in the ITKi-treated group compared with the control group. C. CD4* cells were reduced
in the ITKi-treated group compared with the control group. D. CD8* cells were not altered in the ITKi-treated group
compared with the control group. Immunohistochemistry was performed on tissue sections at 7 days post-trans-

plantation. The number of positive cells was averaged over five random high-power fields.

inhibition showed potent inhibitory effects on
Th1 and Th17.

Earlier studies [15, 16] focused on the pheno-
type of ITK” mice, which included defects in T
cell activation, differentiation, and effector
function, most of which reported changes in
nearly all CD4* subsets. While consistent differ-
ences in the T cell response have been report-
ed among the different animal models, another
issue is the challenge in assessing the function
of ITK in CD4* T cells as well as in the different
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Kinds of immune responses. Moreover, distin-
guishing between ITK effects and CD4* T cell
activation and differentiation due to altered
T cell development is not straight-forward in
ITK7” mice. Our study investigated the effects of
ITKi in cardiac transplantation in a more trans-
lationally relevant way.

ITK has been shown to have an essential role in
TCR signaling by regulating the activation of
various downstream pathways in CD4* T cells
[17]. While the relationship between ITK and

Am J Transl Res 2020;12(9):5762-5771
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Figure 5. Inflammatory factors in the cardiac allografts were assessed.Inhibition of ITK exerts effects on PLCy sig-
naling pathway in vitro. Levels of phosphorylation of PLCy in CD4* T cells and CD8* T were decreased by the ITKi.
A, B. The levels of inflammatory factors and T-bet, GATA3, RORyt, and Foxp3, as assessed by RT-qPCR, pointed to a
relatively low-inflammatory T cell phenotype. C. The levels of phosphorylation of PLCy in the cardiac allografts were
detected by immunoblot analysis, and p-PLCy was decreased in the presence of ITKi. D. The Levels of phosphoryla-
tion of PLCy in CD4* T cells were decreased by ITKi. E. The levels of phosphorylation of PLCy in CD8* T cells was

decreased by ITKi.

Th17 has been widely investigated [8, 18], the
effects of ITK on Thl are not well understood.
Kannan reported a study on ITK” T cells in
mice, which showed that ITK activity is not only
required for Th2 and Th17 cell cytokine produc-
tion but also for Thl cytokine production [4].
This work provided an insight into the role of
ITK signaling in the development and function
of Th1. In a model of neuroinflammation, ITK”
CD4* T cells showed significant reduction in the
production of both Th1 and Th17 cytokines [5].
Further exploration by Lin showed that ITK inhi-
bition reduces T-cell receptor-induced func-
tions, including PLCyl tyrosine phosphoryla-
tion, calcium mobilization, IL-2 secretion, and
T-cell proliferation in vitro in both human and
mouse cells [9]. Furthermore, ITK and RLK inhi-
bition resulted in impaired Thl differentiation
in @ mouse colitis model [19] with decreased
IFN-y and IL-17A production. In our study, ITK
inhibition reduced Th1/Th17 subsets after car-
diac transplantation, which contributed to a
prolonged allograft survival. In the case of Th2
cell differentiation, regulated by the essential
transcription factor GATA3 [20], the inhibition of
ITK suppressed the Th2 production and lym-
phocytic/neutrophilic/eosinophilic airway infla-
mmation [20].

5769

ITK also regulates the development and func-
tion of Treg [7]. Studies of the relationship
between ITK and Treg have shown that ITK neg-
atively regulates Treg [21, 22]. ITK” CD4* T cells
were found to generate higher percentages of
functional Foxp3* cells, which is associated
with increased sensitivity to IL-2 [18]. ITK is a
potential target for altering the balance bet-
ween Treg and other CD4* subsets. In addition,
ITK” CD4* T cells, preferentially developed in
Treg cells in vivo, exhibited enhanced expres-
sion of the co-inhibitory receptor PD-1 and were
suppressive in a T cell proliferation assay [22].
In agreement with most of the reports, our
study showed that administration of ITKi im-
paired Th1/TH17, which may thus contribute to
an alleviated alloimmune response.

Our study also showed an impaired CD8* func-
tions with administration of ITKi, which may ex-
plain the observed immunosuppressive effects
in the cardiac transplantation model. CD8" T
cells showed reduced secretion of granzyme B
and perforin upon ITKi treatment. This is in
agreement with an earlier study that revealed
that ITK regulates the quality of the antigen-
specific CD8* T cell cytokine response in vitro
[23]. The support of CD4* T cells to achieve

Am J Transl Res 2020;12(9):5762-5771



ITK inhibition prolongs survival of cardiac allografts

CD8* activation was vital, as CD4* T cell sup-
port is essential for CD8* CTL priming [24]. This
indicates that ITKi impaired both CD4* and
CD8* T cells in our research, and impaired CD4*
cells were less potent for CD8* CTL activation.
However, in a patient with a homozygous mis-
sense mutation in the kinase domain of ITK
that is prone to EBV-positive lymphomatoid
granulomatosis, the stimulation of T cells re-
sulted in reduced phosphorylation of ITK, PLCy,
and PKC, while the cytotoxicity and degranula-
tion of CD8* T cells was impaired [25]. This indi-
cates that ITK inhibition induced a more friend-
ly environment to allografts by impairing both
CD4* and CD8* functions.

Activation of PLC-y is a critical step in T cell anti-
gen receptor signaling, which subsequently
leads to an increased calcium flux. To further
explores the effects of ITKi on T cells, CD4* and
CD8" subsets were freshly isolated via magnet-
ic sorting from spleens. In vitro phosphorylated
PLCyl was reduced after blockade of ITKi in
both CD4* and CD8* cells. Moreover, negative
regulation of ITK has been implicated in the
regulation of calcium mobilization and extracel-
lular signal-regulated activities [12]. The in-
volvement of phosphatases in the TCR-signaling
cascade is also important for the development
of T cells [26]. Previous studies using primary
murine ITK” T cells demonstrated the require-
ment of the kinase for robust T cell activation in
response to TCR with co-stimulatory receptor
signaling [15]. Moreover, ITK inhibition was
reported to be efficacious in mouse models of
graft-versus-host disease, experimental auto-
immune encephalomyelitis (EAE), and colitis [5,
27].

ITKi has also been reported to ameliorate aller-
gic responses [6]. Cells isolated from ITK” mice
or ITKi-treated mice show defects in degranula-
tion and cytokine secretion responses down-
stream of TCR signaling. Lin et al. showed that
T cell proliferation and expansion in vitro can
be induced by irradiated APC and subsequently
suppressed by BMS-509744 [9]. BMS-509744
was not cytotoxic to mouse lymphocytes and
human PBMC cells, as measured by a lactate
dehydrogenase release assay [10]. It should be
noted that this study has solely examined the
alloimmune circumstance, with a special focus
on immunosuppressive effects. In contrast, our
study revealed for the first time its potential in
alleviating Th1/Th17 alloimmune responses in
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a mouse model of cardiac transplantation.
Despite some disparities between studies, in
general, our results have provided solid evi-
dence of the vital role of ITKi in regulating dif-
ferentiation and activation of CD4* T cells.

Taken together, the data presented here indi-
cates that the selective, small-molecule ITK
inhibitor BMS-509744 is effective in maintain-
ing alloimmune immunosuppression. Our ex-
periments indicate that ITKi alleviates the
allograft rejection mainly by impaired PLCy
phosphorylation of CD4* T cells in alloimmune
responses in the murine cardiac transplanta-
tion model. Our results support the potentiality
of ITKi as an alternative strategy to alleviate
allograft immune rejection.

Disclosure of conflict of interest
None.

Address correspondence to: Xinling Du, Department
of Cardiovascular Surgery, Union Hospital, Tongji
Medical College, Huazhong University of Science
and Technology, Wuhan, PR China. E-mail: xinling-
du@hust.edu.cn; Youli Ke, Department of General
Thoracic Surgery of The No.1 Hospital of Wuhan,
Hubei Province, PR China. E-mail: 26145305@qq.
com

References

[1]  ZhongY, Johnson AJ, Byrd JC and Dubovsky JA.
Targeting interleukin-2-inducible T-cell kinase
(ITK) in T-Cell related diseases. Postdoc J
2014; 2: 1-11.

[2] Andreotti AH, Schwartzberg PL, Joseph RE and
Berg LJ. T-Cell signaling regulated by the tec
family kinase, Itk. Cold Spring Harb Perspect
Biol 2010; 2: a002287.

[3] Readinger JA, Mueller KL, Venegas AM, Horai R
and Schwartzberg PL. Tec kinases regulate
T-lymphocyte development and function: new
insights into the roles of Itk and Rlk/Txk&nbsp.
Immunol Rev 2009; 228: 93-114.

[4] Kannan A, Lee YC, Qi Q, Huang W and August
A. Allele-sensitive mutant, Itk as, reveals that
Itk kinase activity is required for Thl, Th2,
Th17, and i NKT-cell cytokine production. Eur J
Immunol 2015; 45: 2276-2285.

[5] Kannan AK, Kim DG, August A and Bynoe MS.
Itk signals promote neuroinflammation by reg-
ulating CD4* T-cell activation and trafficking. J
Neurosci 2015; 35: 221-33.

[6] Lee SH, Chang HS, Jang AS, Park SW, Park JS,
Uh ST, Kim YH, Oh B, Lee JK and Park BL. The
association of a single-nucleotide polymor-

Am J Transl Res 2020;12(9):5762-5771


mailto:xinlingdu@hust.edu.cn
mailto:xinlingdu@hust.edu.cn
mailto:26145305@qq.com
mailto:26145305@qq.com

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

(16]

[17]

(18]

5771

ITK inhibition prolongs survival of cardiac allografts

phism of the IL-2 inducible T-cell kinase gene
with asthma. Ann Hum Genet 2011; 75: 359-
69.

Huang W, Jeong AR, Kannan AK, Huang L and
August A. IL-2-Inducible T Cell kinase tunes T
regulatory cell development and is required for
suppressive function. J Immunol 2014; 193:
2267-2272.

Eken A, Cansever M, Somekh |, Mizoguchi Y,
Zietara N, Okus F, Erdem S, Canatan H, Akyol
S, Ozcan A, Karakukcu M, Hollizeck S, Rohlfs
M, Unal E, Klein C and Patiroglu T. Genetic de-
ficiency and biochemical inhibition of ITK af-
fect human Th17, Treg, and innate lymphoid
cells. J Clin Immunol 2019; 39: 391-400.

Lin TA, Mcintyre KW, Das J, Liu C and Kanner
SB. Selective Itk inhibitors block T-cell activa-
tion and murine lung inflammation. Biochemis-
try 2004; 43: 11056-11062.

Liu F and Kang S. Heterotopic heart transplan-
tation in mice. J Vis Exp 2007; 238.

Yang C, Chen X, Wei Z, Xiao J and Liu J. Target-
ing the class IA PI3K isoforms p110a/d attenu-
ates heart allograft rejection in mice by sup-
pressing the CD4* T lymphocyte response. Am
J Transl| Res 2018; 10: 1387-1399.

Wilcox HM and Berg LJ. Itk phosphorylation
sites are required for functional activity in pri-
mary T cells. J Biol Chem 2003; 278: 37112-
37121.

Gupta T and Krim SR. Cardiac transplantation:
update on a road less traveled. Ochsner J Win-
ter 2019; 19: 369-377.

Liu Z, Fan H and Jiang S. CD4* T cell subsets in
transplantation. Immunol Rev 2013; 252:
183-91.

Ghosh S, Bienemann K, Boztug K and Bork-
hardt A. Interleukin-2-Inducible T-Cell Kinase
(ITK) deficiency - clinical and molecular as-
pects. J Clin Immunol 2014; 34: 892-9.

Jain N, Miu B, Jiang JK, McKinstry KK, Prince A,
Swain SL, Greiner DL, Thomas CJ, Sanderson
MJ and Berg LJ. CD28 and ITK signals regulate
autoreactive T cell trafficking. Nat Med 2013;
19: 1632-7.

Andreotti AH, Joseph RE, Conley JM, Ilwasa J
and Berg LJ. Multidomain Control Over TEC ki-
nase activation state tunes the T cell response.
Annu Rev Immunol 2018; 36: 549-578.
Gomez-Rodriguez J, Wohlfert EA, Handon R,
Meylan F, Wu JZ, Anderson SM, Kirby MR,
Belkaid Y and Schwartzberg PL. Itk-mediated
integration of T cell receptor and cytokine sig-
naling regulates the balance between Th17
and regulatory T cells. J Exp Med 2014; 211:
529-43.

(19]

[20]

[22]

(23]

(24]

[25]

[26]

(27]

Cho HS, Shin HM, Haberstock-Debic H, Xing Y,
Owens TD, Funk JO, Hill RJ, Bradshaw JM and
Berg LJ. A small molecule inhibitor of ITK and
RLK impairs Th1 differentiation and prevents
colitis disease progression. J Immunol 2015;
195: 4822-31.

Nadeem A, Ahmad SF, Al-Harbi NO, Ibrahim
KE, Siddiqui N, Al-Harbi MM, Attia SM and
Bakheet SA. Inhibition of Bruton’s tyrosine ki-
nase and IL-2 inducible T-cell kinase suppress-
es both neutrophilic and eosinophilic airway
inflammation in a cockroach allergen extract-
induced mixed granulocytic mouse model
of asthma using preventative and therapeutic
strategy. Pharmacol Res 2019; 148: 104441.
Xu WD, Su LC, Xie QB, Zhao Y and Liu Y. Inter-
leukin-2-inducible T-cell kinase expression and
relation to disease severity in systemic lupus
erythematosus. Clin Chim Acta 2016; 463: 11-
17.

Mamontov P, Eberwine RA, Perrigoue J, Das A,
Friedman JR and Mora JR. A negative role for
the interleukin-2-inducible T-cell kinase (ITK)
in human Foxp3* TREG differentiation. PLoS
One 2019; 14: e0215963.

Huang F, Huang W, Briggs J, Chew T, Bai Y, Deol
S and August A. The tyrosine kinase Itk sup-
presses CD8* memory T cell development in
response to bacterial infection. Sci Rep 2015;
5: 7688.

Sheng Z, Zhang H and Zhao J. The role of CD4
T cell help for CD8 CTL activation. Biochem
Biophys Res Commun 2009; 384: 405-8.
Howe M, Dowdell K, Roy A, Niemela J, Wilson
W, McElwee J, Hughes J and Cohen JI. Magne-
sium restores activity to peripheral blood cells
in a patient with functionally impaired interleu-
kin-2-inducible T cell kinase. Front Immunol
2019; 10: 2000.

Alexander DR and Cantrell DA. Kinases and
phosphatases in T-cell activation. Immunol To-
day 1989; 10: 200-5.

Dubovsky JA, Flynn R, Du J, Harrington BK,
Zhong Y, Kaffenberger B, Yang C, Towns WH,
Lehman A and Johnson AJ. Ibrutinib treatment
ameliorates murine chronic graft-versus-host
disease. J Clin Invest 2014; 124: 4867-76.

Am J Transl Res 2020;12(9):5762-5771



ITK inhibition prolongs survival of cardiac allografts

Control d7 ITKid7 ITKi d30

400x *

400x

Figure S1. ITK inhibition prolongs murine cardiac allograft surviva. Acute rejection was alleviated by ITK inhibition.
From left to right, H&E sections of the cardiac allografts on day 7 in the control group. H&E sections of the cardiac
allografts on day 7 in the ITKi group. H&E sections of the cardiac allografts on day 30 in the ITKi group.



