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Targeting Itk signaling resulted in increased CD25+ FOXP3+ canonical and
CD25−, FoxP3+ noncanonical Tregs. Noncanonical Tregs inhibited GVHD
induced by conventional CD8+ T cells, and reduced production of inflamma-
tory cytokines inmice, without disrupting GVL effects. Disrupting ITK signaling
using a specific peptide inhibitor reduced proinflammatory cytokine production
by T cells in GVHD patient samples.
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Abstract
Regulatory T cells (Tregs) play an important role in controlling autoimmunity
and limiting tissue damage and inflammation. IL2-inducible T cell kinase (Itk)
is part of the Tec family of tyrosine kinases and is a critical component of T
cell receptor mediated signaling. Here, we showed that either genetic ablation
of Itk signaling or inhibition of Itk signaling pathways resulted in increased
frequency of “noncanonical” CD4+CD25−FOXP3+ Tregs (ncTregs), as well as
of “canonical” CD4+CD25+FOXP3+ Tregs (canTregs). Using in vivo models, we
showed that ncTregs can avert the formation of acute graft-versus-host disease
(GVHD), in part by reducing conventional T cell proliferation, proinflammatory
cytokine production, and tissue damage. This reduction in GVHD occurred
without disruption of graft-versus-leukaemia (GVL) effects. RNA sequencing
revealed that a number of effector, cell adhesion, and migration molecules
were upregulated in Itk–/− ncTregs. Furthermore, disrupting the SLP76: ITK
interaction using a specific peptide inhibitor led to enhanced Treg development
in bothmouse and primary human cells. This peptide inhibitor also significantly
reduced inflammatory cytokine production in primary GVHD patient samples
and mouse T cells without causing cell death or apoptosis. We provide evidence
that specifically targeting Itk signaling could be a therapeutic strategy to treat
autoimmune disorders.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2021 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics
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1 INTRODUCTION

Regulatory T cells (Tregs) play an important role in
immunoregulation and promotion of immunological
tolerance.1 Tregs have been used as immunotherapy in
the bone marrow and solid organ transplantation, autoim-
mune diseases, and allergy.2 In allogeneic hematopoietic
stem cell transplantation (allo-HSCT), Tregs play a signif-
icant role in the prevention of graft-versus-host disease
(GVHD).3 However, there are several challenges to the
use of Tregs as immunotherapy. One of these challenges is
the low number of Tregs in peripheral blood.4 Expansion
of the Treg population is challenging, as with in vitro
expansion these cells lose expression of FOXP3, the
master regulatory transcription factor for Tregs.5,6 Broad
application of the use of Tregs as a therapeutic approach
requires standardization of Treg expansion methods and
dosing.7 Inducible Tregs (iTregs) can be easily generated
in vitro, but controversial pre-clinical findings and pheno-
type instability have hampered their translation into the
clinic.8
Several studies have established a direct association

between GVHD severity and the number of Tregs present
in recipient circulation or tissues post-transplantation.10,9
Although these studies have limitations in establishing the
direct role of Treg cells in the severity of GVHD, other
studies have demonstrated that depletion of Tregs led to
the onset of acute GVHD, while adding Treg cells signifi-
cantly ameliorated the development of GVHD.11 We have
shown that T cells deficient in Interleukin-2-inducible
T cell kinase (Itk) reduce GVHD without affecting GVL
function.12,13 We have further shown that disruption of
SLP76 and Itk signaling using a novel peptide inhibitor
leads to significantly decreased GVHD without affecting
GVL function.13 The absence of Itk results in enhanced
development of FOXP3+ Tregs, and knockdown of Itk led
to enhanced expression of FOXP3 in human CD4+ T cells,
leading to expansion of suppressive Tregs.13,14 We have also
recently shown that disruption of SLP76 and Itk signaling
led to enhanced expansions of Tregs.12 In addition, donor
CD4+ andCD8+ T cells from Itk–/−mice clear tumour cells
but have significantly delayed development ofGVHD.12 We
hypothesized that this delay in GVHD pathogenesis might
be due to enhanced production of Tregs in Itk–/– mice.
Canonical regulatory T cells (canTregs) are character-

ized by stable expression of CD25+ and FOXP3+, while

noncanonical regulatory T cells (ncTregs) are FOXP3+
cells that do not express CD25.15,16 Even though inhibitory
mechanisms of regulatory T cells may differ in vitro and
in vivo, there are multiple mechanisms that regulatory
T cells can use to suppress conventional T cells.17 We
have recently shown that the T cell transcription factor T
Cell Factor-1 (TCF-1) regulates production of noncanonical
Tregs in a cell-intrinsic manner.16 Here, we have explored
the role of Itk in ncTregs, as well as the suppressive ability
of ncTregs in GVHD.
We found that both canTregs and ncTregs are sig-

nificantly enhanced in Itk–/− mice, with cell frequen-
cies increased by 30% and 90%, respectively, compared to
C57BL/6 (WT) mice. Furthermore, we found that Itk–/−
canTregs and ncTregs more frequently have an effector
Treg phenotype compared to WT canTregs and ncTregs,
respectively (as defined by CD44hi and CD62Llow). Fur-
thermore, we also confirmed that central memory CD8+
and effector memory CD4+ T cell populations are sig-
nificantly increased compared to in WT mice as shown
previously.18–20 ncTregs from both WT or Itk−/– mice
expressed higher levels of PD-1 compared to canTregs.
Expression of CXCR3, which is shown to be an impor-
tant chemokine receptor for regulatory T cells in pre-
venting GVHD,21 was significantly increased in canTregs
and ncTregs from Itk–/− mice compared to canTregs and
ncTregs from WT mice. We also show that Itk–/− ncTregs
express significantly higher levels of CTLA-4 when cul-
tured with or without anti-CD3 and anti-CD28 antibodies,
with no differences in the expression levels of IL-2 and IL-
10, compared to WT canTregs or ncTregs.
Our data further show that Itk−/– canTregs and ncTregs

significantly suppress conventional T cell proliferation
in vivo. Itk−/– canTregs and ncTregs reduced damage in
GVHD target organs, and recipient GVHD induced mice
treated with Itk−/– canTregs and ncTregs had reduced
proinflammatory cytokine production in serum. RNA
sequencing data revealed that in Itk–/– canTregs, genes
involved in the cell cycle were differentially upregulated
compared to WT canTregs. We also observed that genes
involved in cytokine and chemokine receptor activity,
including regulators and effectormolecules, were differen-
tially upregulated in Itk−/– ncTregs compared with Itk−/–
and WT canTregs.
Finally, our data show that primary human or GVHD

patient T cells treated with our novel peptide inhibitor,
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SLP76pTYR,22 have significantly reduced the production
of inflammatory cytokines without inducing apoptosis or
toxicity. Our studies identify the Itk signaling pathway as
a potential therapeutic target for modulation of Treg pop-
ulations, with potential benefits for clinical treatment of
T cell-mediated GVHD. This strategy could also be used
to enhance Treg production for the treatment of other
autoimmune disorders.

2 METHODS ANDMATERIALS

2.1 Animal used in this manuscript

ITK deficient mice were generated by the August labora-
tory (Liao and Littman, 1995).
We have generated C57BL/6 WT Luc mice as described

by our previous publication (Mahinbanu Mammadli,
2021). B6.SJL-PtprcaPepcb/ andBALB/cH-2Kd background
mice were obtained from the Charles River mouse facil-
ity, and C57BL/6j H-2Kb backgroundmice were purchased
from the Jackson Laboratories. WT C57BL/6-FOXP3RFP
and ITK-deficient FOXP3RFP mice were provided by the
August laboratory, and were previously generated as
described before.23 8–12-week-old age- and sex-matched
mice were used for all experiments. Animal maintenance
and experimentation were approved by the Upstate Medi-
cal University IACUC committee with IACUC #433.

2.2 Chemicals and cell lines were used
in this manuscript

All flow cytometry antibodies were obtained from Biole-
gend. Mouse and human antibodies for cell culture
included: mouse anti CD3 (cat#100102) and mouse anti
CD28 (cat# 102116) monoclonal antibodies were used for
mouse T cell activation, while human anti CD3 OKT3
(cat#317301) and human anti CD28 (cat#302902) mono-
clonal antibodies were used for human T cell activation.
Mouse flow cytometry antibodies were: αCD3 conjugated
with BV605, αCD4 conjugated with PE, αCD8 conjugated
with PE/Cy7, αCD25 conjugated with BV421, αFOXP3 con-
jugated with APC, αH-2Kb conjugated with Pacific Blue,
αIFN-γ conjugated with APC, αTNF-α conjugated with
FITC, αCTLA4 conjugatedwith PE, αIL-2 conjugatedwith
Pe/Cy7, αIL-10 conjugated with APC/Cy7, αCD44 con-
jugated with PerCP, αCD62L conjugated with APC/Cy7,
αCXCR3 conjugated with PerCP/Cy5.5, αPD-1 conjugated
with BV785, αICOS conjugated with PE, αCCR7 conju-
gated with BV605 and αAnnexin conjugated with FITC.
Human flow cytometry antibodies were: αCD3 conjugated
with APC, αCD4 conjugated with PE, αCD8 conjugated

with Pacific Blue, αCD25 conjugated with PerCP/Cy5.5,
αFOXP3 conjugated with Pacific Blue, αIFN-γ conjugated
with APC and αTNF-α conjugated with Pe/Cy7. We used a
multiplex ELISA kit from Biolegend (LEGENDplexMouse
Th cytokine panel 12-plex kit, cat no. 741044) and a cus-
tomizedmouse B cell kit to perform serum cytokine assays.
In addition, luciferase substrate was acquired from Gold
Bio (St Louis, MO). All ex vivo cells were analyzed on a
Fortessa machine for flow analysis (from Becton Dickin-
son Biosciences, BD). All flow cytometry data were ana-
lyzed with FlowJo as described.12,13,22
CD4+ lymphocytes were isolated from the mouse

spleen using magnetic beads conjugated to anti-CD4. We
also used column-based cell separations (from Miltenyi
Biotech, Auburn, CA); then cells were stained for surface
molecules. Cells were sorted using a BD FACS sorter (Aria
IIIu). We obtained over 95% pure sorted cells unless oth-
erwise specified. Reagents used for cell culture and other
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) and Invitrogen (Grand Island, NY), unless stated oth-
erwise. Generation of the primary B-ALL blast cells was
described earlier.2,3

2.3 Allo-HSCT and GVL studies

For GVHD experiments, we used an allogeneic MHC-
mismatch mouse model (WT C57Bl/6 H-2Kb was trans-
planted into BALB/c H-2Kd). BALB/c mice were lethally
irradiated (800 cGy divided into two doses of 400 cGy).
Recipient animals were transplanted via IV injection with
10 × 106 bone marrow cells, with T cells being depleted
from bone marrow by CD90.2 beads. Animals were also
transplanted with CD4+ T cells and CD8+ T cells mixed
at a 1:1 ratio from WT or ITK–/– mice, and these ex vivo
cells were purified using column-based cell separations. In
addition, B-ALL primary blast cells were transduced with
lentiviral particles carrying firefly luciferase as described
(B-ALL luc).12,13,22 Animals were challenged with 2×105 B-
ALL luc cells as a readout for GVL studies.12,13,22 Recipi-
entmicewere checked for bioluminescence using biolumi-
nescent imaging (BLI) and for clinical symptoms of GVHD
and weight loss for 50 days.

2.4 Allo-HSCT and GVL studies with
Treg treatment

For experiments on preventing GVHD with Tregs, host
BALB/c H-2Kd animals were lethally irradiated and trans-
planted with 10 × 106 bone marrow cells, which had been
depleted of T cells by negative selection using CD90.2
beads. 1× 106 WTCD8+ T cells and 1× 105 primary tumour
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cells (B-ALL) were administered intravenously. Tregs were
FACS sorted from WT mice or Itk–/− mice using FOXP3
IRES RFP (FOXP3RFP) and expression of CD4 and CD25.
Recipient mice were treated with 0.5 × 106 noncanonical
or canonical Tregs from Itk –/– mice, canonical Tregs from
WT mice or left untreated, and were evaluated for clin-
ical symptoms of GVHD and weight loss for more than
40 days. To determine the clinical score of GVHD, recip-
ient mice were examined two to three times per week as
described.6 When recipient animals lost more than 30% of
their original body weight, they were euthanized. Twice
a week after tumour injection, IVIS 200 Imaging System
(Xenogen) was used to evaluate tumour growth by biolu-
minescence as described earlier.12,13,22

2.5 Cytokine production assay

On day 7 post-transplantation (with BM,WT CD8+ T cells,
and FACS sorted canonical or noncanonical Tregs from
Itk–/–mice or canonical Tregs from WT mice), lympho-
cytes were isolated from the secondary lymphoid organs
(spleen and inguinal lymphnodes) of recipients. Cellswere
either in vitro activated with anti CD3 and anti CD28 or
left unstimulated, and cultured for a total of 6 h with Gol-
giPlug (BD Cytofix/Cytoperm Plus kit cat#555028). These
ex vivo cells were stained for H-2Kb to identify donor
cells (C57Bl/6 cells), CD4, CD3 and CD8. Cells were then
stained for cytokines against IFN-γ conjugated with APC
and against TNF-α conjugated with FITC intracellularly.

2.6 Cytokine Serum ELISA

Host BALB/c animals were irradiated lethally with
800 cGy total, divided into two doses of 400 cGy. Ani-
mals were then transplanted with 10 × 106 bone marrow
cells, which were depleted of mature T cells by negative
selection using CD90.2 beads. Animals were also trans-
plantedwith 1× 106 MACS-sortedWTCD8+ T cells admin-
istered intravenously. In addition, transplanted mice were
given 0.5 × 106 noncanonical or canonical Itk-deficient
Tregs or canonical WT Tregs or left untreated. On day
7 after transplantation, we euthanized mice, total blood
was collected, and serum was separated by centrifugation.
The serum was examined for numerous cytokines with
a Mouse Th Cytokine LEGENDplex ELISA assay (Biole-
gend cat no 741044), following kit instructions. IL-2, TGF-
β and IL-10 were also tested using a customized Mouse B
Cell Panel LEGENDplex ELISA assay (Biolegend, custom
order). ABDLSRFortessa cytometerwas used to collect the
data, and collected data were analyzed by utilizing LEG-
ENDplex software (provided with kit via Biolegend).

2.7 Cell culture for different regulatory
T cell markers

We obtained total splenocytes from WT or Itk–/– mice to
test FOXP3, CD25, CTLA-4 and IL-10markers in regulatory
T cells. Cells were cultured in LAK media with GolgiPlug
from the Cytofix/Cytoperm Plus kit (cat#555028 from BD)
for 6 h.Ex vivo cellswere cultured and stimulatedwith anti-
CD3 (1 μg/mL) and anti-CD28 (2 μg/mL) for 6 h, or cul-
tured but not stimulated. These ex vivo cells were stained
with FOXP3, CD25, CTLA-4 and IL-10 markers, and data
were collected on the Fortessa cytometer.

2.8 Cell death assay

To determine the level of apoptosis and cell death after
SLP76pTYR treatment, healthy human PBMCs andmouse
splenocytes were isolated, cultured at 3×106 cells per ml,
and treated with 1 μg of SLP76pTYR or vehicle for 1 h.
These ex vivo cells were stained for the surface markers
against CD3, against CD8 and against CD4. These cells
were also stained with Annexin V-FITC (V13242 life) and
LIVE/DEADNear-IR (L34976 life). To identify cell subsets,
we gated on live cells, NIR+ Annexin V+ for dead cells and
Annexin V+ for apoptotic cells.

2.9 RNA sequencing

C57BL/6-FOXP3RFP and Itk–/–-FOXP3RFP mice were euth-
anized; CD4+ T cells were MACS purified; and CD3, CD4,
CD25 and FOXP3 markers were used to determine canon-
ical and noncanonical Tregs. Using a FACS Aria IIIu
cell sorter (BD Biosciences), CD3+ CD4+ CD25+ FOXP3+
(canonical) Tregs and CD3+ CD4+ CD25– FOXP3+ (non-
canonical) Tregs were sorted into Trizol. Only CD3+ CD4+
CD25+ FOXP3+ (canonical) Tregs could be sorted from
C57BL/6-FOXP3RFP CD4+ cells because the noncanonical
C57BL/6-FOXP3RFP Tregs percentage was so small that we
could not sort enough cells for downstream applications.
RNA extraction and library prep of sorted Tregs were per-
formed. RNA library preps were sent to the University at
Buffalo Genomics Core facility for RNA sequencing and
analysis using an Illumina NovaSeq 6000 sequencer.
Initially, the first six samples (two per group) were

library prepped using the Bio-Rad SEQuoia library prep
kit, and the last three samples (one sample for each
group) were library prepped using the SMART-Seq HT kit
(Takara Bio). These nine samples were all sequenced in
the same run. Still, the six samples (two samples in each
group) library prepped using the SEQuioa kit resulted in
an insufficient number of reads, making a comparison
between groups impossible. Therefore, we had to re-prep
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and sequence the first six samples again using the SMART-
seqHT kit. The batch effect from sequencing runs between
the six samples re-prepped and the three original samples
were later removed. We created three groups, WT canon-
ical, Itk–/– canonical, and Itk–/– noncanonical Tregs, to
determine the differences between groups of Tregs.
For RNA sequencing analysis, we used R language

programming (Version 4.0.4), as well as RStudio inter-
face (Version 1.4.1106), and Bioconductor to process and
analyze the data. Pseudoalignment was performed using
Kallisto (version 0.46.2)24 to determine the transcript
abundance of samples. We normalized the transcript per
million (TPM) values. We applied the linear model by
using the empirical Bayes method and the Voom and
Limma R packages25 to remove the batch effect. We used
Bonferroni and Hochberg26 adjusted p value and (FDR)
of ≤ .05 or FDR ≤ .1 to describe the differential genes
expression. We used the G:Profiler toolset and g:GOSt
function for GO annotation analysis.
We used C2 and C7 pathways collections (MSigDB) for

the identification of important pathways and to perform
Gene Set Enrichment Analysis (GSEA). RNA sequencing
analysis data uploaded at https://www.ncbi.nlm.nih.gov/
geo/ with accession number GSE185327.

2.10 In vivo T cell proliferation assay

Host BALB/c animals were irradiated lethally with
800 cGy total, divided into two doses of 400 cGy. These
mice were then transplanted with 10 × 106 bone mar-
row cells with T cells being depleted as above. Animals
were also transplanted with 1 × 106 WT luc+ CD8+ T
cells, and 0.5× 106 FACS sorted canonical or noncanonical
Itk–/– Tregs or canonical Tregs fromWTmice, which were
administered intravenously to detect in vivo T cell prolif-
eration through bioluminescence imaging (BLI). IVIS-50
was utilized to image recipient BALB/c mice every day for
7 days. Bioluminescencewas quantified as described.12,13,22
One-wayANOVAwas performed for statistical analysis fol-
lowed by Tukey’s multiple comparison test.

2.11 Post-transplant Treg phenotype
assay

To detect the canTregs and ncTregs post-transplant,
BALB/c animals were irradiated and then transplanted
with 10 × 106 bone marrow cells without mature T cells.
Animals were also transplanted with 1 × 106 WT CD8+
T cells, and 1 × 106 FACS sorted CD4+ FOXP3-RFP+
total Tregs (CD25+ and CD25-) from Itk–/–, or WT mice,
which were transplanted intravenously. At 7 days post-
transplantation, splenocytes and liver cells were removed

and donor cells were isolated. Donor cells were stained
by H-2Kb, and we also stained against CD3, against CD4,
against CD25 and against FOXP3 markers.

2.12 Histopathological examination

Animals were transplanted with 10 × 106 bone marrow
cellswithout T cells andwere also transplantedwith 1× 106
CD8+ T cells from WT C57BL/6 mice and 0.5 × 106 FACS
sorted canonical or noncanonical Tregs from Itk–/– mice
or canonical Tregs from WT mice, which were adminis-
tered intravenously in lethally irradiated mice. On day 7
post-transplantation,we isolated liver and small intestines,
which were obtained from host mice, and stained them
with H&E. A pathologist graded the H&E slides blindly,
and photos were also taken of the sectioned organs. The
Chi-square test and KruskalWallis test followed by Dunn’s
multiple comparison test were conducted to evaluate the
statistical difference between groups.

2.13 Human patient samples

T cells were purified from human PBMCs of either
healthy donor or GVHD patient samples, using isolation
methods we described earlier (Karimi et al., 2005) using
Ficoll–Paque density centrifugation. Tregs were cultured
at 3 × 106 cells per ml with 10% RPMImedia and activated
with anti-CD3 (2.5 μg/ml) along with 5 μg/ml Polybrene
(Millipore Sigma cat#TR-1003-G) and 1 μg of SLP76pTYR
or vehicle. The cells were plated in a 12-well plate for 5 to
24 h in an incubator (37◦C, 7% CO2). After incubation, the
cells were stained for Treg markers. For cytokine expres-
sion experiments, the 3 × 106 cells/ml were resuspended
in RPMI media and stimulated with anti-CD3 (2.5 μg/ml)
and anti-CD28 (2.5 μg/ml), along with 5 μg/ml Polybrene,
1 μl/ml GolgiPlug as described and 1 μg of SLP76pTYR
or vehicle. Cells were plated in a 12-well plate for 6 h
and incubated (37◦C, 7% CO2). After incubation, the cells
were stained for extracellular markers and fixed using the
BD Cytofix/Cytoperm Plus kit. Twenty-four hours later,
the cultured cells were permeabilized and were stained
for TNF-α and IFN-γ intracellularly and analyzed by flow
cytometry.

2.14 Cellular thermal shift assay
(CETSA)

Purified mouse T cells were cultured in a 10% RPMI
medium with 10% FBS as described earlier (Karimi
et al., 2005; Karimi et al., 2014). To find out the initial
melting profile of ITK, fresh T cell lysate was added in

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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non-denaturing buffer and transferred in a 96-well PCR
plate in the abovemedium (approx. 10 000 cells/well/50μl)
concentration. T cell lysates were then exposed to a tem-
perature gradient (37–60◦C) for 20 min. Then, lysates
were centrifuged at 14 000 RPM to remove the unstable
protein content. Subsequently, the supernatant was run on
SDS-PAGE gel, and immuno-detection was conducted for
ITK using the corresponding primary antibody. LI-CORC-
Digit Blot Scanner was utilized to detect and quantify the
band intensity, and the Tagg (50) and Tagg (75) values were
determined for ITK. In the next run, fresh lysates from
purified mouse T cells were treated at different concentra-
tions with threefold dilutions (20, 6.6, 2.2, 0.75, 0.25, 0.08
and 0.027 μM) of the peptide SLP76pTYR or the DMSO
control. Then samples were exposed to heat challenge at
Tagg (50) for 20 min, followed by centrifugation to remove
the unstable protein. After immuno-blotting the samples,
bands of remaining stable ITK were measured and nor-
malized to the loading control, and using GraphPad Prism
software, were plotted. EC50 values of engagement for
both compounds with ITK were subsequently calculated.

2.15 Statistical analyses

Depending on the dataset, we used GraphPad Prism
version 9 for statistical and quantitative analysis, using
either one-way ANOVA, 2-way ANOVA or Student’s t-
test. Tukey’s multiple comparisons tests followed all the
ANOVA analyses. Kruskal Wallis test was used for histol-
ogy grade analyses and was followed by Dunn’s multiple
comparison test. Statistics are represented as means with
standard deviation. Unless otherwise mentioned, accord-
ing to power analyses, all experiments were performed
with a minimum of three mice per group and repeated
several times. We used Kaplan–Meier survival analyses
for survival experiments. Unless otherwise mentioned, all
tests were confirmed by two-sided tests, and the p values
equal or less than .05 were considered to be significant.
A minimum of three to five mice per group was used for
transplant experiments, with at least two repeats. Unless
otherwise noted, all in vitro experiments were conducted
a minimum of three times with one to three replicates per
condition per experiment. Three replicates per group and
per condition were used to conduct the RNAseq analysis.

3 RESULTS

3.1 Itk−/– T cells delay GVHD even at
high numbers

WeutilizedMHC-mismatched donors and recipients, with
T cell-depleted bone marrow (TCDBM) from C57Bl/6 (B6,

WT) mice, donor T cells from B6 WT or Itk–/− mice on a
C57BL/6 background (MHC haplotype of b) and lethally
irradiated BALB/c (MHC haplotype of d) mice as recipi-
ents, in order to cause GVHD. For GVL experiments, B-
ALL primary blasts23 (B-ALL-luc) were used as described
previously.12,13 Using this model, we recently reported that
1 × 106 to 2 × 106 Itk-deficient CD4+ and CD8+ T cells do
not cause GVHD, compared to the same number of CD4+
or CD8+ T cells fromWTmice which cause acute GVHD.12
Here, we determined the maximum number of CD4+ and
CD8+ T cells from WT that would clear the tumour with-
out inducing GVHD.
Recipient BALB/cmice transplantedwith 10× 106 T cell-

depleted bone marrow cells (TCDBM cells) from wild-type
WT C57BL/6 mice as a bone marrow only control (group
1) all survived for more than 50 days post allogeneic trans-
plantation with no signs of GVHD (Figure 1A–D). The sec-
ond cohort of recipient BALB/c mice given 10 × 106 T cell-
depleted bone marrow cells and also given 2 × 105 B-ALL-
luc cells (group 2) all developed tumours as measured by
bioluminescence (Figure 1A,E). Furthermore, all of these
animals had to be euthanized as a result of tumour burden
(Figure 1A). Another cohort of recipient BALB/c mice was
given 10 × 106 TCDBM cells along with 0.5 × 106 CD4+ and
0.5 × 106 CD8+ T cells fromWT C57BL/6 mice, and 2 × 105
B-ALL-luc cells (group 3). This group of recipient mice
was able to clear the tumour cells but developed acute
GVHD after 2 weeks (Figure 1A–D). The fourth cohort of
recipient BALB/c mice was transplanted with 10 × 106 1
bone marrow cells and 2.5 × 106 CD4+ and 2.5 × 106 CD8+
T cells from WT C57BL/6 mice, and also given 2 × 105
B-ALL- luc cells (group 4). These animals were also able
to clear tumour cells but developed acute GVHD, and
all recipient animals had to be euthanized due to GVHD
within 2 weeks (Figure 1A–D). The fifth cohort of recipient
BALB/c mice was given 10 × 106 1 TCDBM cells along with
5 × 106 CD4+ and 5 × 106 CD8+ T cells from WT C57BL/6
mice, and these recipient mice were challenged with
2 × 105 B-ALL-luc cells (group 5). All transplanted mice
were able to clear transplanted cancer cells, but all animals
developed acute GVHD within 20 days (Figure 1A–D).
In contrast, the sixth cohort of recipient BALB/c mice

was transplantedwith 10× 106 bonemarrow cells, 0.5× 106
CD8+ T cells and 0.5 × 106 CD4+ from ITK-deficient mice
in B6 background, and 2 × 105 B-ALL-luc cells (group 6).
These mice were able to clear luciferase expressing cancer
cells and did not develop acute GVHD, with all animals
surviving more than 50 days with minimal GVHD scores
(Figure 1A–D). The seventh group of recipient BALB/c
mice was transplanted with 10 × 106 1bone marrow cells,
and recipient mice were also given 2.5 × 106 CD4+ and
2.5 × 106 CD8+ T cells from Itk–/− mice and challenged
with 2 × 105 luciferase-expressing B-ALL tumour cells
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F IGURE 1 T cells from Itk−/– mice delay GVHD even at high doses. (A) We have used MHC-mismatched donors and recipients in order
to induce GVHD, T cell-depleted bone marrow (TCDBM) from C57Bl/6 (B6) mice, donor T cells from C57BL/6 (B6) WT or Itk–/− C57BL/6
background mice (MHC haplotype b) were administered in the lethally irradiated BALB/c (MHC haplotype d) recipients. Different numbers
of CD4+ and CD8+ T cells fromWT or Itk–/– mice were purified and mixed at a 1:1 ratio and transplanted into lethally irradiated BALB/c mice,
along with 2 × 105 B-ALL-luc cells and 10 × 106 T cell depleted bone marrow cells. Group 1 received 10 × 106 T cell depleted bone marrow only
(labelled as TCDBM). Group 2 received 10 × 106 T cell depleted bone marrow along with 2 × 105 B-ALL-luc cells (TCDBM+B-ALL-luc). Group 3
was transplanted with 10 × 106 T cell depleted bone marrow with 0.5 × 106 purified CD8+ and 0.5 × 106 CD4+ T cells fromWT C57Bl/6 mice
(1:1 ratio), along with 2 × 105 B-ALL-luc+ cells (TCD BM+WT CD8+CD4 (1 × 106) + B-ALL-luc). Group 4 received 10 × 106 TCDBM with
2.5 × 106 purified CD8+ and 2.5 × 106 CD4+ T cells fromWT C57Bl/6 mice (1:1 ratio), along with 2 × 105 B-ALL-luc+ cells (TCDBM+WT
CD8+CD4 (5 × 106) +B-ALL-luc). Group 5 received 10 × 106 TCDBM with 5 × 106 purified WT CD8+ and 5 × 106 CD4+ T cells fromWT C57Bl/6
mice (1:1 ratio), along with 2 × 105 B-ALL-luc+ cells (BM+WT CD8+CD4 (10 × 106) +B-ALL-luc). Group 6 was transplanted with 10 × 106

TCDBM with 0.5 × 106 purified Itk–/– CD8+ and 0.5 × 106 CD4+ T cells (1:1 ratio), along with 2 × 105 B-ALL-luc+ cells (TCD BM+ Itk–/–

CD8+CD4 (1 × 106) +B-ALL-luc). Group 7 was transplanted with 10 × 106 TCDBM with 2.5 × 106 purified Itk–/– CD8+ and 2.5 × 106 CD4+ T
cells (1:1 ratio), along with 2 × 105 B-ALL-luc+ cells (TCD BM+ Itk–/– CD8+CD4 (5 × 106) +B-ALL-luc). Group 8 was transplanted with 10 × 106

TCDBM with 5 × 106 purified Itk–/– CD8+ and 5 × 106 CD4+ T cells (1:1 ratio), along with 2 × 105 B-ALL-luc+ cells (TCD BM+ Itk–/– CD8+CD4
(10 × 106) +B-ALL-luc). Recipient BALB/c mice were imaged using IVIS 50 three times a week. The mice were monitored for survival (B),
changes in body weight (C), and clinical score (D) for about 50 days post BMT. (E) Quantitated luciferase bioluminescence of tumour growth.
Statistical analysis of differences in survival (B) for different groups of recipient BALB/c mice is shown on the right. Statistics for differences
in weight loss (C), score (D), and bioluminescence (E) are shown within the respective graphs. Groups of recipient BALB/c transplanted with
T cells fromWT mice were compared among each other and compared to recipient BALB/c transplanted with T cells from Itk–/– mice.
Statistical analysis for survival and the clinical score was performed using a log-rank test and one-way ANOVA with Tukey’s test, respectively.
For weight changes and clinical score, one representative of two independent experiments is shown (n = 3 mice/group for BM alone; n = 5
experimental mice/group for all 7 other groups). Survival is a combination of two experiments. Symbol meaning for p values are: ns—p > .05;
*p ≤ .05; **p ≤ .01; ***p ≤ .001; ****p ≤ .0001. Note: Control mouse is a recipient mouse given TCDBM only (group 1), used as a negative control
for BLI (no bioluminescent tumour cells were given)

(group 7). All animals in group 7 cleared the cancer cells,
and only 2 of 10 animals developed acute GVHD, with
8 mice surviving to 50 days post transplantation (Fig-
ure 1A–D). The final (group 8) cohort of recipient BALB/c
mice were transplanted with 10 × 106 bone marrow cells,
and given 5 × 106 CD4+ mixed with 5 × 106 CD8+ T
cells from ITK deficient mice. These mice were further
challenged with luciferase 2 × 105B-ALL cells, as for other
groups. All transplanted mice were able to clear luciferase
expressing cancer cells very quickly, but the animals

started to develop GVHD at 40 days post-transplantation
(Figure 1A–D).
Each group of animals as described above was exam-

ined for survival (Figure 1B), and monitored for weight
changes (Figure 1C). Each animal from all groups was
examined three times a week for GVHD clinical score. The
clinical scoring included changes in weight, changes in
activities and changes in posture. We also examined these
mice for fur texture and skin integrity as described in a
standard clinical score protocol27 (Figure 1D). Cancer cell
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proliferation as tumour growth was determined by quan-
tification of luciferase bioluminescence of each animal in
each group (Figure 1E). Our findings demonstrated that
recipient mice transplanted with as high as 10 × 106 donor
T cells (both CD4+ and CD8+ T cells) from mice lacking
ITK had delayed induction of GVHD. This was compared
with mice transplanted with 1 × 106 CD8+ and CD4+ T
cells from WT mice, where GVHD was rapidly induced.
Statistical differences among recipient groups that were
transplanted with various numbers of allogeneic cells
as described above showed that there are no significant
differences between transplanting 5 × 106 and 10 × 106
WT donor T cells (both groups of recipient mice died
from severe GVHD) or between transplanting 5 × 106
and 1 × 106 Itk–/–donor T cells (recipient mice from both
groups survived). However, there were significant differ-
ences comparing all other groups between each other. The
statistically significant increase in survival of the group
given 10 × 106 Itk–/– donor T cells compared to the group
given 1× 106 WT donor T cells suggests that the increase in
survival fromGVHD is preserved evenwhen transplanting
the maximum number of T cells from mice lacking ITK
compared with T cells fromWT mice (Figure 1B).

3.2 ITK suppresses the development of
the noncanonical Treg phenotype

We observed that cells from donor mice lacking ITK can
delay the development of GVHD, even with higher num-
bers of donor T cells. Published data have shown that
ITK deficiency enhances regulatory T cells (CD25+, and
FOXP3+ cells).14,22,28 We hypothesized that thesemicemay
have received higher numbers of these FOXP3+ Treg pop-
ulations, helping to suppress GVHD development. Pub-
lished data have suggested that Itk is an important com-
ponent of TCR proximal signal transduction pathways in
regulatory Tregs.14,28 In addition, we have recently demon-
strated that targeting SLP76:ITK interaction may increase
regulatory T cells (Tregs)13 indicating that ITK negatively
regulates Tregs.
Our data showed that the loss of ITK resulted in sig-

nificantly increased canonical regulatory T cells, which
express CD25 and FOXP3 (canTregs), and noncanonical
regulatory T cells, which are FOXP3+ cells that do not
express CD25 (ncTregs) (Figure 2A; Figure S1A). These
ncTregs are functional cells and have the suppressive abil-
ity in some contexts.15 Delacher et al. (2020) demonstrated
thatmice are lacking TCF-1 exhibit an increased frequency
of FOXP3 expression in all T cells, encompassing T cells
that normally do not express FOXP3 like CD8+T cells.29
It was possible that the same effect was occurring in
Itk–/– mice, with FOXP3 simply being expressed more

highly in all T cells. Therefore, we examined whether ITK
deficiency might also cause aberrant expression of FOXP3.
Therefore, we examined the expression of FOXP3 in CD8+
T cells (where it would not normally be expressed). Briefly,
naive WT and Itk–/− T cells were either stained immedi-
ately or cultured for 6 h in the presence of GolgiPlug, and
cells were cultured with media as a non-stimulated group
or anti-CD3/anti-CD28 (αCD3/CD28 stim. group). We
found that the frequency of CD8+ FOXP3+ cells (either
CD25+ or CD25–) was not increased among T cells from
ITK-deficient mice. Our data showed that mice lacking
ITK do not have aberrant FOXP3 expression on CD8+T
cells (Figure S1B,C).
Next, we examined whether the canonical and non-

canonical Treg populations were maintained post-
transplantation. CD4+ T cells were purified using MACS
purification from the spleen of either WT or ITK-deficient
mice. These MACS-purified Treg cells were further
purified using FACS sorting using CD25 and FOXP3
markers. The sorted cells were stained for CD25 and
FOXP3 by RFP23 (Figure 2B). Next, we performed allo-
geneic transplant experiments as described above, where
we used an MHC-mismatch mouse model of allogeneic
transplantation (WT C57Bl/6 into BALB/c, H-2Kb→mice
into H-2Kd). The transplanted mice were further treated
with sort-purified Tregs (canonical and noncanonical
Tregs). Briefly, recipient BALB/c mice were lethally
irradiated as described and transplanted with 10 × 106 T
cell-depleted bone marrow cells (TCD BM). The recipient
mice were also transplanted with 1 × 106 CD8+ T cells
from WT mice and treated with 1 × 106 canonical and
noncanonical FACS-sorted Tregs from either WT C57Bl/6
or ITK-deficient mice. We have sort-purified these with
CD4+, CD25+ and FOXP3 with RFP marker (FOXP3RFP)30
(Figure S2A-B). Recipient mice were euthanized at day 7
post transplantation. Recipient mouse spleens and livers
were examined for donor cells by H-2Kb, CD4, CD25 and
FOXP3RFP.
We observed that both the canonical and noncanonical

donor Treg cell populations were maintained in recipient’s
spleen (Figure 2C; Figure S2C-D). Although we did not
see an increase in ncTregs in recipient mice given Itk–/–
Tregs compared to WT Tregs (as we saw in naive mice),
the canTregs from Itk–/– were still increased in spleen post-
transplantation compared to WT canTregs (Figure 2C;
Figure S2C-D, S2G). We also observed that transplanted
Itk–/–ncTregs were decreased in the spleen of recipient
mice compared to the pre-sorted Itk-/- ncTregs (Figure
S2A,C-D,G). This might be due to these cells migrating
from the spleen to GVHD target organs, as a high percent-
age of them express CXCR3. We also looked at the liver,
one of the GVHD target organs, and we observed a slight
increase in Itk–/– canTregs and ncTregs compared to WT



MAMMADLI et al. 9 of 25

F IGURE 2 Itk deficiency enhances noncanonical Treg production. (A) Pre-sorted WT and Itk–/– CD4+ T cells from spleens of naive mice
were examined for expression of CD25 and FOXP3 by flow cytometry. (B) Next, for FACS, purified canonical and noncanonical Tregs fromWT
C57Bl/6 and Itk–/– mice were gated on CD4 and FOXP3 positive T cells and the non-Treg CD4+ T cells were excluded; then Tregs were gated
on CD25 and FOXP3 to confirm the canonical and noncanonical Tregs. (C) FACS purified CD4+ FOXP3+ Tregs from either
C57BL/6-FOXP3RFP or Itk–/− FOXP3RFP mice were transplanted into lethally irradiated BALB/c animals along with CD8+ T cells fromWT
C57Bl/6 mice. At day 7 post-transplant, donor Tregs from the recipient spleen (C) or liver (D) were gated on H-2kb and CD3 to identify the
donor T cells. Next, T cells were gated on CD4 and CD8 markers, followed by CD4 versus FOXP3 gating to plot CD25 and FOXP3 for
determining canonical and noncanonical Tregs. E-F) CD4+ T cells were obtained from naive WT C57Bl/6 mice and Itk –/– mice, and either
stained immediately or cultured for 6 h with or without anti-CD3/anti-CD28. Cells were then stained for CTLA-4, CD3, CD4, CD25 and
FOXP3. CTLA-4 expression in (E) CD25+ FOXP3+ (canonical) Tregs fromWT or Itk –/– mice and (H) in CD25– FOXP3+ (noncanonical) Tregs
fromWT or Itk –/– mice. (G) Canonical and noncanonical Tregs from naive WT C57Bl/6 mice and Itk –/– mice were examined for CD44 and
CD62L expression. (H) Conventional CD8+ and CD4+ T cells from naive WT C57Bl/6 mice and Itk –/– mice were examined for CD44 and
CD62L expression. (I) CXCR3 expression in canonical and noncanonical WT or Itk –/– Tregs from naive mice. (J) PD-1 expression in canonical
and noncanonical WT or Itk –/– Tregs from naive mice. (K) ICOS expression in canonical and noncanonical WT or Itk –/– Tregs from naive
mice. (L) CCR7 expression in canonical and noncanonical WT or Itk –/– Tregs from naive mice. One experiment is shown as a representative
from two independent experiments, for statistics data from two to three independent experiments pooled. Statistical analysis was performed
using one-way ANOVA with Tukey’s test, p value presented with each figure. Symbol meaning for p values are: ns, p > .05; * p ≤ .05; ** p ≤ .01;
*** p ≤ .001; **** p ≤ .0001
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Tregs in recipient mice (Figure 2D; Figure S2E–G). We
also observed that the small percentages of T cells that
were not Tregs from the sorting expanded exponentially
following allogeneic transplantation (Figure S2B–F). Alto-
gether, these data suggest that the noncanonical Treg pop-
ulation that was increased in Itk–/– mice is not a result of
activation of canonical Tregs; instead, these noncanonical
Tregs are a distinct population and maintain their pheno-
type after transplantation.
The underlying mechanisms of Treg function are still

not clear. However, several studies have indicated that sev-
eral key molecules such as the use of membrane bound
TGF-β,30 expression of FAS and granzyme B,31 LAG-332 or
CTLA-433 may play a role. The other possible mechanisms
of Tregs include secretion of inhibitory molecules such as
IL10, TGF-β34 or IL-35;35 local competition for growth fac-
tors such as consumption of IL-236 or cytokine deprivation-
induced apoptosis via BCL-2.37 Since CTLA-4 is an impor-
tant factor for Treg function and identity,38 we examined
whether Itk–/− Tregs expressedCTLA-4, aswell aswhether
they expressed the cytokines IL-2 and IL-10.
Our data show that canTregs from ITK-deficient mice

seem to have increased expression of CTLA-4 (Figure 2E).
Among ncTregs, there was no significant difference in
proportion that expresses CTLA-4 between fresh WT and
Itk–/– cells. When we cultured T cells with or without anti-
CD3 and anti-CD28 antibodies, we observed a significant
enhancement of CTLA-4 expression in ncTregs from ITK-
deficient mice compared to CTLA-4 expression ncTregs
from WT mice (Figure 2F). We also found that there was
no difference in expression of IL-2 and IL-10 between Itk–/−
and WT cells for both canonical and noncanonical Tregs,
regardless of culture conditions (Figure S3A–D).
Next, we examined the phenotypic characteristics of

these canTregs and ncTregs. Central Treg cells (cTregs,
CD62L+ CCR7+ CD44-) are naïve-like cells which when
activated become effector Treg cells (eTregs, CD62L−
CCR7− CD44+). These eTregs (also defined as acti-
vated Tregs or effector memory Tregs) express KLGR1,
CD103, CTLA-4 and ICOS, which are important functional
markers.39,40 Effector Tregs have more suppressive ability
compared to central naïve-like Tregs. Published data have
shown that cTreg and eTreg cells mostly rely on IL-2 and
ICOS for maintenance, respectively.39
Our data show that canonical Tregs from Itk–/– mice

have significantly more eTregs (CD44+CD62L–) and fewer
central naïve-like Tregs (CD44– CD62L+) than canonical
Tregs from WT mice. Noncanonical Tregs showed a
significantly more effector-like phenotype compared
to canonical Tregs, regardless of strain (WT or Itk–/–),
and Itk–/− Tregs are also more eTreg-like and exhibit a
lower central naïve-like phenotype compared to Tregs
from WT mice, regardless of canonical or noncanonical

status (Figure 2G and Figure S4A,B). To see whether
the increase in effector Tregs from Itk–/– was related to
the effector and memory phenotype of conventional T
cells, we examined both CD4+ and CD8+ T cells from
WT C57Bl/6 to ITK-deficient mice. Our data showed that
CD4+ T cells from ITK-deficient mice had significantly
more effector memory cells and less naïve cells compared
to CD4+ T cells from WT C57Bl/6 mice, but we did
not observe any significant differences between central
memory cells from ITK-deficient mice compared to WT
C57Bl/6 mice. (Figure 2H; Figure S4C). These data suggest
that the increase in FOXP3 phenotype could be due to the
enhanced memory phenotype of CD4+ T cells. However,
the fact that Itk–/–canTregs and ncTregs phenotypes were
maintained post-transplantation suggests that these are
cells with a distinct phenotype. Our data also showed that
there was no significant difference in effector memory
or transitioning to effector memory cells in CD8+ T cells
from ITK-deficient mice compared to WT C57Bl/6 mice.
However, as previously reported, we saw an increase in
CD8+ T cells with a central memory phenotype from
ITK-deficient mice, and less naïve cells compared to WT
mice (Figure 2H; Figure S4D).18,19
Chemokines play an indispensable role in the trafficking

of allogeneic donor T cells into the sites of inflammation
during GVHD. Th1-like cytotoxic T cells use the receptor
CXCR3 to migrate to GVHD target organs like lungs,
liver and gut.41 Adoptively transferring CXCR3-expressing
Tregs can significantly ameliorate acute GVHD in the
liver, lung, and small intestines.21 This effect was due to
an increase in migration of the CXCR3+ Tregs, and the
Tregs maintained their function in the localized GVHD
target organs for a longer time, resulting in the better
suppressive ability.21 Our data revealed that a significantly
higher proportion of noncanonical Tregs express CXCR3
compared to canonical Tregs, regardless of strain (WT
or Itk–/–) (Figure 2I; Figure S5A). A higher proportion
of Itk–/– Tregs also expressed CXCR3 compared to WT
Tregs regardless of canonical or noncanonical status
(Figure 2I; Figure S5A), suggesting that both canonical
and noncanonical Itk–/– Tregs may have better suppressive
ability in attenuating acute GVHD compared to canonical
or noncanonical Tregs fromWT mice.
PD-1 is a transmembrane molecule that is encoded by

the Pdcd1 gene and plays a critical role in Treg suppressive
ability.42 When we analyzed PD-1 expression of Tregs from
both Itk–/– and WT mice, we observed that a significantly
higher proportion of ncTregs express PD-1 compared to
canTregs from Itk–/– and WT mice (Figure 2J and Figure
S5B) We did not observe any differences in proportion of
Itk–/–and WT canTregs that express PD-1, suggesting that
PD-1 expression is associated with the noncanonical phe-
notype rather than by Itk signaling (Figure S5B).
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F IGURE 3 Noncanonical Itk–/− Tregs suppress GVHD but maintain GVL effects. (A) Group 1 BALB/c recipient mice were lethally
irradiated and transplanted with 10 × 106 TCDBM, alone. Group 2 BALB/c mice were transplanted with 10 × 106 TCDBM and 1 × 105 primary
tumour cells (B-ALL-luc+). Group 3 BALB/c mice were transplanted with 10 × 106 TCDBM +1 × 106 WT CD8+ T cells and 1 × 105 primary
tumour cells (B-ALL-luc+). Group 4 BALB/c mice were transplanted with 10 × 106 TCDBM, 1 × 106 WT CD8+T cells, and 1 × 105 primary
tumour cells (B-ALL-luc+), and were treated with 0.5 × 106 canonical Tregs fromWT C57Bl/6 mice. Group 5 BALB/c mice were transplanted
with 10 × 106 TCDBM,1 × 106 WT CD8+T cells, and1 × 105 primary tumour cells (B-ALL-luc+), and were treated with 0.5 × 106 canonical Tregs
from Itk–/– mice. Group 6 BALB/c mice were transplanted with 10 × 106 TCDBM, 1 × 106 WT CD8+T cells, and 1 × 105 primary tumour cells
(B-ALL-luc+), and were treated with 0.5 × 106 noncanonical Tregs from Itk–/– mice. Tregs were sorted from either WT mice or Itk–/− mice
using CD4, CD25, and FOXP3RFP. Recipient BALB/c mice were imaged using IVIS 200 three times a week. Recipient BALB/c mice were also
monitored for (B) changes in body weight, and (C) clinical score, and (D) survival for more than 40 days post BMT. For body weight changes
and clinical score, one representative of two independent experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental
mice/group for all five other groups). (E) Quantitated luciferase bioluminescence of tumour growth. (F) Mortality from GVHD and tumour
during the experiment, as a percent of mice dead. Statistical analysis for survival and the clinical score was performed using the log-rank test
and one-way ANOVA with Tukey’s test, respectively, and analysis for weight changes was done using one-way ANOVA with Tukey’s test. One
representative experiment out of 2 is shown for A, C-E. B and F are a combination of two experiments, three- to five mice per group. Symbol
meaning for p values are: ns, p > .05; * p ≤ .05; ** p ≤ .01; *** p ≤ .001; **** p ≤ .0001. Note: Control mouse is a recipient mouse given TCDBM
only (group 1), used as a negative control for BLI (no bioluminescent tumour cells were given)

As previously mentioned, ICOS plays an indispensable
role in maintenance of eTregs, which have better sup-
pressive ability compared to central naïve-like Tregs.43,8
We also found that a higher proportion of Itk–/– ncTregs
express ICOS compared to Itk–/− or WT canTregs and WT
ncTregs (Figure 2K; Figure S5C). A higher proportion of
Itk–/– canTregs express ICOS compared to canTregs from
WT mice, suggesting that the increased eTreg phenotype
in Itk–/– mice may be maintained by increased ICOS (Fig-
ure 2K; Figure S5C). Furthermore, a lower proportion of
Itk–/– canonical and noncanonical Tregs express CCR7
compared to WT Tregs, suggesting a more effector-like

Treg phenotype for Itk–/− cells (Figure 2L; Figure S5D).
Altogether, these data suggest that ncTregs from Itk–/–
mice may have better suppressive abilities compared to
other Treg groups, and may be more suppressive than WT
Tregs in preventing GVHD.

3.3 Noncanonical Itk–/– Tregs suppress
GVHD but maintain GVL effects

We next sought to determine whether ncTregs from Itk–/–
mice are actually suppressive, and whether they could
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ameliorate GVHD responses while maintaining GVL effi-
cacy. We once again used an MHC-mismatch allogeneic
transplant model as described above (WT C57Bl/6 into
BALB/c). Recipient mice were lethally irradiated and
transplanted with 10 × 106 T cell-depleted bone marrow
cells, and other cells as described further below. Recipi-
ent transplanted mice were examined for cancer clearance
via tumour growth signals weekly using bioluminescence
(with the IVIS system) as described.
The first group of recipient mice was transplanted

with bone marrow alone as a control, and these mice
all survived without developing GVHD (Figure 3A).
The second group of recipient mice was allogeneically
transplanted with bone marrow cells and also 1 × 105
luciferase-expressing B-ALL tumour cells.12,22 These mice
did not develop GVHD, but by day 31, all recipient mice
died of tumours (Figure 3A). The third group of recipient
BALB/c mice was transplanted with T cell-depleted bone
marrow and additionally 1 × 105 luciferase expressing
B-ALL cells. This group of animals was transplanted with
1 × 106 MACS-purified CD8+ T cells from WT C57Bl/6.
These mice were able to clear cancer cells, but developed
acute GVHD and died within 2 weeks of transplantation
(Figure 3A).The fourth group of recipient BALB/c mice
was transplanted with bone marrow cells and challenged
with 1 × 105 luciferase expressing B-ALL. This group of
mice was also injected with 1 × 106 WT CD8+ T cells,
and 0.5 × 106 canonical Tregs sorted from WT mice
(using CD25+ and FOXP3 identified using an IRES RFP
(FOXP3RFP).44 These recipient BALB/c mice were able to
clear B-ALL-luc cells but showed delayed development
of GVHD, and had to be euthanized within 4 weeks of
transplantation (Figure 3A). The fifth cohort of mice was
transplanted with bone marrow cells and 1 × 106 CD8+ T
from WT C57Bl/6, challenged with luciferase expressing
B-ALL cells, and further treated with 0.5 × 106 canonical
Tregs sorted from ITK-deficientmice byCD25+ FOXP3RFP.
This group of mice cleared the cancer cells, and only one
out of six animals had to be euthanized due to GVHD
(Figure 3A). The sixth group of mice was transplanted
with bone marrow cells and with 1 × 106 CD8+ T cells
from WT C57Bl/6 mice. This group of mice was further
challenged with tumour cells as described. This group of
mice was also transplanted with 0.5 × 106 noncanonical
Tregs sorted from ITK-deficient mice by CD25– FOXP3RFP.
These animals were able to clear the tumour cells, and
only one out of seven animals had to be euthanized due
to GVHD (Figure 3A). Unfortunately, we were not able to
sort sufficient noncanonical WT Tregs for analysis.
We did not observe any statistical differences in survival,

weight loss or clinical score for recipient mice that were
untreated versus treated with canonical Tregs from WT
mice (group 3 vs. group 4) (Figure 3B–D). We did observe

statistical differences in survival and weight loss in the
groups that received Itk–/– canTregs and ncTregs compared
to the recipients ofWT canTregs (group 5 and 6 vs. group 4)
(Figure 3B–D). Clinical scores were significantly improved
in the group that received Itk–/– ncTregs compared to the
WT canTregs group (group 6 vs. group 4) (Figure 3C). Even
though recipient BALB/cmice given Itk–/– canonical Tregs
initially showed minimal signs of GVHD, similar to those
given Itk–/– noncanonical Tregs, we observed increased
signs of GVHD after 35 days (Figure 3C).
On day 17 and day 24 post-transplant, bioluminescent

imaging signals in mice from Group 2 were saturated,
so we had to exclude those numbers. Despite the inabil-
ity to perform statistical analysis in these groups, the
trend in tumour growth was still apparent (Figure 3E).
All groups which received WT CD8+ T cells cleared the
tumour cells, while mice not given T cells died from
tumour burden (Figure 3E,F). Additionally, mice not given
Tregs died of GVHD, while mice given Tregs (especially
from Itk–/– donors) had better survival (Figure 3F). Our
findings demonstrate that ncTregs from Itk–/− mice sup-
pressGVHDmediated by conventional T cell damagewith-
out affecting GVL responses against primary tumour cells.
Itk deficiency also improves the suppressive function of
canonical Tregs during GVHD.

3.4 Noncanonical Itk–/– Tregs suppress
serum level inflammatory cytokine
production

Inflammatory cytokines are one of the major causes of
GVHD development following allogeneic transplantation
of donor T cells.45 To assess suppression of inflammatory
cytokine production by noncanonical Tregs from Itk–/–
mice, we employed the allogeneic transplant model as
described above (B6 into BALB/c) to cause GVHD. CD8+ T
cells fromWT C57Bl/6 mice were transplanted into recipi-
ent BALB/cmice. Thesemice were also treated with either
canonical or noncanonical Tregs. Recipient mice were
euthanized at day 7 post-transplant; recipient animalswere
euthanized and serum levels of proinflammatory cytokines
were examined using multiplex ELISA.
Our data showed that recipient (B6 into BALB/c) mice

treated with WT canTregs have significantly less IFN-γ in
the serum compared to mice not given Tregs (Figure 4A),
but no differences in the serum IFN-γ levels inmice treated
with Itk–/− canTregs or ncTregs (Figure 4A).We found that
recipient mice treated with either Itk–/− or WT canTregs
and ncTregs showed significantly less TNF-α from the
serum when compared to mice that were not treated with
Tregs (Figure 4B). Next, we found that the recipient mice
treated with ncTregs from Itk–/− mice had a significant
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F IGURE 4 Noncanonical Itk–/− Tregs suppress serum level inflammatory cytokine production by donor T cells. (A-F) 1 × 106 purified
WT CD3+ T cells were transplanted with TCDBM into irradiated BALB/c mice. At day 7 post allo-HSCT, recipient BALB/c were euthanized
and serum cytokines (IFN-γ, TNF-α, IL17A, IL-5, IL-2 and TGF-β were determined by multiplex ELISA. (G) IFN-γ expression by donor CD8+

T cells taken from recipient spleen 7 days post-transplant. (H) TNF-α expression by donor CD8+ T cells taken from recipient spleen 7 days
post-transplant. Combined data from two independent experiments is shown for cytokine restimulation. Statistical analysis was performed
using one-way ANOVA with Tukey’s test, p value presented with each figure. Symbol meaning for p values are: ns, p > .05; * p ≤ .05; ** p ≤ .01;
*** p ≤ .001; **** p ≤ .0001. One experiment’s data are shown as representative from three independent experiments for serum ELISA

decrease in IL-17A in serum compared to mice not treated
with Tregs (Figure 4C). Our data showed recipient mice
treated with canTregs from either ITK-deficient mice or
WT C57Bl/6 mice showed significantly less IL-5 in serum
than non-treated recipients (Figure 4D). However, we did
not see significant differences in the serum levels of IL-4,
IL-6, IL-22, IL-17F, IL-13, IL-9, IL-10 (data not shown) and
IL-2 or TGF-β (Figure 4E,F).
We also obtained lymphocytes from the secondary

lymphoid organs (spleen and inguinal lymph nodes) of
recipients at 7 days post-transplant. We stimulated spleen
cells with TCR stimulation by anti-CD3 and anti-CD28 for
6 h (Figure 4G,H), with a portion of cells not stimulated

as a control. We cultured these ex vivo cells with anti-CD3
and anti-CD28 with GolgiPlug. These ex vivo cells were
stained for H-2Kb (expressed on donor cells), CD3, CD8
and CD4. Using flow cytometry, we examine these cells
for inflammatory cytokine production, including TNF-α
and IFN-γ. We did not find any significant difference in
IFN-γ and TNF-α production by WT donor CD8+ T cells
in animals treated with WT or Itk–/– canTregs or ncTregs
(Figure 4G,H), although these cells are stimulated ex vivo,
which may not reflect the situation in vivo under Treg
suppression.
We observed significant differences in IFN-γ and TNF-α

production. These changes in serum could potentially be
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explained by a decrease in proliferation of donor conven-
tional T cells in vivo. Therefore, treatment with Tregs from
WTor Itk–/−mice altered the serum levels of several impor-
tant cytokines following allotransplant.

3.5 Noncanonical Itk–/– Tregs suppress
donor T cell proliferation in vivo, resulting
in less damage to GVHD target organs

To examine whether these ncTregs from ITK-deficient
mice might suppress GVHD caused by conventional
CD8+T cells in the allogeneic transplant model, we
specifically examined donor CD8+T cell proliferation. We
used an allogeneic transplant model as described above.
CD8+T cells from luciferase-expressing C57Bl/6 mice12,13
were transplanted into irradiated BALB/c mice as donor
cells.12,13 Recipient animals were then examined post-
transplant for luciferase expression as a means to exam-
ine CD8+ T cell proliferation, measured by biolumines-
cence (Figure 5A). One group of BALB/c recipients was
allogeneically transplanted with T cell-depleted bone mar-
row cells from non-luc WT C57Bl/6 mice. In addition, we
transplanted this group of animals with 1 × 106 CD8+ T
cells fromWT lucmice (group 1). This group ofmice exhib-
ited an increase in luc+ donor CD8+ T cell proliferation.
(Figure 5A,B). The second cohort of recipient mice was
transplanted with T cell-depleted bone marrow cells from
non-luc WT C57Bl/6 mice. In addition, we transplanted
this group of animals with 1 × 106 CD8+ T cells from WT
luc mice, and further treated them with 0.5 × 106 canoni-
cal Tregs FACS sorted from C57Bl/6 FOXP3RFP WT mice
by CD25+ FOXP3RFP. These animals showed that treat-
ment with 0.5 × 106canonical Tregs led to a reduction in
conventional CD8+T cell proliferation (Figure 5A,B). The
third cohort of recipient mice was treated with T cell-
depleted bone marrow cells from non-luc WT C57Bl/6.
In addition, we transplanted this group of animals with
1 × 106 CD8+ T cells from WT luc mice and treated them
with 0.5 × 106 canTregs sorted from Itk–/− FOXP3RFP mice
by CD25+ FOXP3RFP (Figure 5A,B). The last cohort of
recipient BALB/c mice was treated with T cell-depleted
bone marrow cells from non-luc WT C57Bl/6. In addi-
tion, we transplanted this group of animals with 1 × 106
CD8+ T cells from WT luc mice. Additionally, this group
of mice was treated with 0.5 × 106 ncTregs sorted from
Itk–/− FOXP3RFP mice by CD25+ FOXP3RFP. This group of
animals showed a significantly higher reduction in donor
CD8+ T cell proliferation (Figure 5A,B).
All transplanted mice were monitored for biolumines-

cence (representing donor T cell proliferation) every day
for 7 days (Figure 5A,B). Day 1 post transplantation, there
were no differences among any group. However, on day 5
and day 7, we observed differences among groups. Total

BLI was used to measure the reduction in donor CD8+
T cell proliferation (Figure 5B). The noncanonical Itk–/−
Tregs demonstrated the most robust decrease in donor cell
proliferation compared to the other groups (Figure 5B).
Previous work suggested that a 1:1 ratio of Tregs to con-
ventional T cells is needed to see a significant reduction
in donor T cell proliferation.46 Here, our data support this
fact, as the use of a 1:2 Treg:Tconv ratio for canTregs (WT or
Itk–/–) allowed for initial suppression of donor T cell pro-
liferation (Figure 5A,B), but GVHD was not permanently
ameliorated (Figure 3). However, treatment with Itk–/–
ncTregs even in a 1:2 Treg:Tconv ratio was able to reduce
donor T cell proliferation early on, as well as persistently
alleviate acute GVHD signs (Figure 3). These data demon-
strate that Itk–/– Tregsmay have equal or superior suppres-
sive abilities compared to WT canTregs in this model.
We also repeated the above allogeneic transplant exper-

iments as described to perform histology analyses. We
transplanted recipient mice with 1× 106 CD8+ T cells from
WT C57Bl/6 mice. Recipient mice were either non-treated
or treated with 0.5 × 106 FACS-sorted Tregs from WT
FOXP3RFP or Itk–/– FOXP3RFP mice on the same day as the
transplant. Canonical Tregs were obtained from eitherWT
C57Bl/6 or ITK-deficient mice, while noncanonical Tregs
were obtained from Itk–/−mice only. Day 7 post-allogeneic
transplantation, we euthanized recipient animals and
isolated target organs as sites of inflammation. We stained
these GVHD target organ tissues for H&E, and we saw sig-
nificant donor T cell infiltration into liver and small intes-
tine (SI) fromanimals not treatedwithTregs (Figure 5C,D).
In theWT non-treated group, liver histology shows signifi-
cant changes of acute GVHD: interlobular bile duct epithe-
lium (black arrow) is infiltrated and destroyed by predom-
inantly lymphocytes (red arrow) with no marked fibrosis.
In theWT canonical group, bile duct (black arrow) damage
is less significant with fewer infiltrating lymphocytes (red
arrow). In Itk–/− groups, both canonical and noncanonical
treatments show significant improvement of GVHD in the
liver: the interlobular bile ducts are normal-appearing and
free of inflammatory cells (Figure 5C; Figure S6).
Both WT non-treated and WT canonical Treg-treated

groups show mild acute GVHD in small intestine with the
features of occasional apoptotic bodies (red arrow and red
circle) without necrosis or crypt dropout. Groups that were
treated with canTregs or ncTregs from Itk–/– mice show
no GVHD effects in the small intestine (Figure 5D; Fig-
ure S6). Our data suggest that noncanonical Tregs from
Itk-deficient mice have equal or greater suppressive ability
than canonical Tregs fromWT or Itk-deficient mice. These
noncanonical Tregs can suppress donorCD8+ T cell expan-
sion in an in vivo model of GVHD following allo-HSCT,
supporting their utility as a treatment for T cell-mediated
disorders.
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F IGURE 5 Noncanonical Itk–/− Tregs suppress donor T cell proliferation in vivo, resulting in less damage to GVHD target organs. (A)
BALB/c recipient mice for all groups were lethally irradiated and transplanted with 10 × 106 T cell-depleted bone marrow cells and 1 × 106

WT-luc+ CD8+ T cells (donor T cells expressing luciferase). Group 1 recipient mice were not given any additional cells (non-treated). Group 2
BALB/c recipient mice were treated with FACS sorted canonical Tregs fromWT C57Bl/6 mice. Group 3 BALB/c recipient mice were treated
with FACS sorted canonical Tregs from Itk–/− mice. Group 4 BALB/c recipient mice were treated with FACS sorted noncanonical Tregs from
Itk–/− mice. Recipient BALB/c mice were imaged using IVIS 50 every day for 7 days post-transplant in order to track the transplanted WT-luc
+ CD8 T cells’ proliferation in the different treatment groups. (B) Quantification of luciferase bioluminescence, representing CD8-luc + donor
T cell proliferation. Statistical analysis was performed using one-way ANOVA with Tukey’s test, one experiment is shown. (C-D) BALB/c mice
were transplanted as described in (A), except the WT CD8 T cells were fromWT mice (not WT luc). At day 7 post-transplantation, recipient
mouse livers and small intestines were obtained, sectioned, and stained with H&E. Representative photos or recipient organs for each
treatment group are shown. Statistical analysis was performed using a Chi-square test and Kruskal Wallis test followed by Dunn’s multiple
comparison test. p Value presented with the figure. Symbol meaning for p values are: ns, p > .05; * p ≤ .05; ** p ≤ .01; *** p ≤ .001; ****
p ≤ .0001. One experiment is shown as a representative from two independent experiments

3.6 Noncanonical Itk–/– Tregs have
different gene expression patterns than
canonical Tregs

Next, we wanted to examine whether noncanonical Tregs
from Itk-deficient mice have a unique genetic program

compared to WT or Itk-deficient canonical Tregs. To do
this, we obtained MACS-purified CD4+ T cells (three
replicates for each group), and cells were further puri-
fied using the flow sorter. We obtained FACS-sorted WT
canonical or ITK-deficient canonical and noncanonical
Tregs using FOXP3RFP, CD4, CD3 and CD25 as markers.
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The noncanonical WT-FOXP3RFP Treg percentage was so
small that we could not sort enough cells for downstream
applications, so theWT ncTregs group was excluded. RNA
was then extracted from sorted cells, the cDNA libraries
were prepped using the SMART-Seq HT kit (Takara Bio)
and sampleswere sequenced on an IlluminaNovaSeq 6000
sequencer.
DEGs between each group of Tregs were averaged by

group first, and then we determine the gene co-regulation
by hierarchical clustering using Pearson correlation with
a grouping cutoff (k) of 3.47 Each generated module was
created as heatmap and represents a group of altered
genes that were up- or downregulated in the correspond-
ing comparison. Analysis of the canTreg cell populations
from WT and ITK-deficient mice identified as 44 differ-
entially expressed genes (DEGs; FDR ≤ .1) (Figure 6A–C).
Of these DEGs, 30 genes were downregulated (including
Gps2, Ptprc, Vcam1, MT-ND5, MT-ND4 and IGF1) and
14 genes were upregulated (including Il4ra, Klrg1, Birc5,
Ccnb2 Eno3) for Itk–/− canTregs versusWT canTregs. (Fig-
ure 6A,C). Genes like Birc5, Ccnb2, Mcm3, Tuba1b and
Tuba1c, which play a role in cell cycle, were also upreg-
ulated in Itk–/– canTregs compared to WT canTregs (Fig-
ure 6A,B), suggesting that Itk–/– canTregs may be prolif-
erating more compared to WT canTregs. GO annotation
analysis of down-regulated genes revealed that these genes
play a role in responses to stress, regulation of T cell pro-
liferation, electron transport chain, oxidative phosphory-
lation and other pathways, and genes which were upreg-
ulated are involved in organelle organization, cell cycle,
L1cam interaction and other pathways (Figure 6D).
We identified 74 genes that are differentially expressed

(DEGs; FDR ≤ .05) among Itk–/– noncanonical Tregs and
Itk–/– canonical Tregs (Figure 6C,E,F). Of these, 42 genes
were downregulated (including Slc7a5, Myc, Ccr7, Lta,
Gata1 and Il2ra), and 32 geneswere upregulated (including
CXCR3, CXCR5, CXCR6, Hif1a, Pdcd1, ICOS, Ccr2, CD4,
Tox2, Adck3 and NRP1) (Figure 6E). The Il2ra gene (cod-
ing for CD25) was downregulated only in Itk–/− ncTregs,
which served as a control showing that the ncTreg sam-
ple included Tregs lacking expression of CD25. Chemokine
receptors like CXCR5, CXCR6, CXCR3 andCCR2were also
highly upregulated in Itk–/− ncTregs compared to Itk–/−
canTregs, suggesting that Itk–/− ncTregs cells could be
highly differentiated Tregs with tissue-homing receptors.
Itk–/– noncanonical Tregs upregulated theNRP1 gene com-
pared to WT canTregs, suggesting that these ncTregs are
thymus-derived natural Tregs.47,48 Our RNA-seq analysis
showed that Itk–/− ncTregs downregulate EIf5a1, and it
is known that elF5A inhibition enriches Treg populations
(Imam et al., 2019). Also, the Slc1a5 gene was downreg-
ulated in Itk–/– ncTregs, and previous work has shown
that Slc1a5–/– mice are resistant to induction of T cell-

dependent autoimmunity.48 Slc1a5 gene is a negative reg-
ulator of Treg function, leading to enhanced activity in the
Slc1a5 KO mice. There were also a number of other genes
that were differentially expressed in Itk–/– ncTregs com-
pared to Itk–/–canTregs (Figure 6F).
The alteration of genes like CXCR3, ICOS, CCR7 and

Pdcd1 was expected based on functional data described
earlier in the manuscript. GO annotation analysis showed
that downregulated genes were involved in a number of
different pathways like protein binding, metabolic pro-
cesses and apoptosis. Genes found to be upregulated
also play a role in a number of important pathways like
chemokine binding, cytokine binding, chemokine recep-
tor activity, IL-16 binding and receptor activity, the TCR
pathway, cell adhesion molecules and the PD1 pathway
(Figure 6G).
For a final comparison between Itk–/– ncTreg and WT

canTreg groups, analysis reveal 123 differentially expressed
genes (DEGs; FDR≤ .05), with 65 genes being downregu-
lated (including Itk, Il2ra, Bcl2, Ccr7, MT-ND4, MT-ND5
and CD24a) and 58 genes being upregulated (including
VCAM1, Klrg1, Glrx, Cxcr3, Anxa6, Anxa2, Icos, IL9r, Tigit,
Pdcd1, Tox2, CD4, Zap70, Ccr2 and Icam1) in Itk–/– ncTregs
compared to WT canTregs (Figure 6C,H,I). The Itk gene
was downregulated in Itk–/– samples, and Il2ra (CD25) was
downregulated only in Itk–/− ncTregs, which both served
as controls showing that gene expression for the grouped
samples was as expected for these genes. T cell activation
regulator and effector molecules like Klrg1, Glrx, Itgb1 and
ICOS37 were differentially expressed by Itk–/– ncTregs (Fig-
ure 6I). CCR7, which is a naïve Treg cell marker,39 was
downregulated in Itk–/− ncTregs,which correlateswith the
effector phenotype of those Tregs (Figure 6I). Chemokine
receptors like CXCR3 and CCR2 were also highly upreg-
ulated in Itk–/– ncTregs, suggesting that these cells could
be highly differentiated Tregs with tissue-homing recep-
tors (Figure 6F,I). Genes that play a role in cell adhesion
were also highly upregulated in Itk–/– ncTregs, including
CD4, ICAM1, Itga7, Itgb1 and Pdcd1. Bcl-2, which is an
anti-apoptotic marker, was differentially downregulated in
Itk–/– ncTregs (Figure 6I). It has been previously shown
that inhibiting Bcl-2 with a small molecule leads to the
Treg-dependent alleviation of acute GVHD.49 On the other
hand, Itk–/– ncTregs also have higher expression of TIGIT
compared to other Tregs (Figure 6I). It has been previously
shown that TIGIT-expressing Tregs are a functionally dis-
tinct Treg cell subset with a more suppressive activated
phenotype,3 which are able to suppress pro-inflammatory
T helper 1 (Th1) and Th17 cells.50 This suggests that non-
canonical Tregs from Itk–/−micemayhave amore suppres-
sive Treg genetic program. GO annotation analysis also
revealed that genes that were upregulated in Itk–/– ncTregs
compared to WT canTregs play a role in chemokine
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F IGURE 6 Noncanonical Itk–/− Tregs have different gene expression patterns than canonical Tregs. (A) Volcano plot showing
differentially expressed genes (FDR ≤ .1) between Itk–/– canonical and WT canonical Tregs. (B) Hierarchical clustering of genes and heatmap
illustrating expression of genes compared between Itk–/– canonical and WT canonical Tregs. All replicates are shown (n = 3) for each group.
Modules are identified by numbers and by colour distinguishing up- and downregulated genes in groups. (C) Table showing the number of up
or downregulated DEGs between groups for each of three separate comparisons made. (D) GO annotation analysis table of up- and
downregulated genes between Itk–/– canonical and WT canonical Treg groups. (E) Volcano plot showing differentially expressed genes (FDR≤

.05) between Itk–/– noncanonical and Itk–/– canonical Tregs. (F) Hierarchical clustering of genes and heatmap illustrating expression of genes
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and cytokine binding, chemokine receptor activity, IL-9
binding and receptor activity, IL-16 binding, regula-
tion of cell adhesion and migration, T cell activation,
extravasation, migration, PD1 expression and other path-
ways. Downregulated genes were involved in oxireduc-
tase activity, IL-2 receptor activity, inflammatory response,
metabolic process and others (Figure 6J).
We also performed GSEA analysis (gene set enrichment

analysis) using the C7 (immunological) and C2 (curated)
pathway collections from Molecular Signatures Database
(MSigDB). Pathway titles ending in “_DN” are lists of
genes downregulated in the listed comparison, while
pathways ending in “_UP” are upregulated. We then took
the lists of genes in these comparisons and identified
whether they were enriched in our Treg populations.
We observed a small number of pathways that were
significantly altered between Itk–/– canTregs and WT
canTregs in both C2 and C7 MSigDB collections. This was
expected considering the number of DEGs and FDR values
between the Itk–/– canTregs andWT canTregs groups (Fig-
ure 7A,B). Our data also revealed that the genes that were
downregulated between Naïve to Memory (GSE11057_
NAIVE_VS_MEMORY_CD4_T_CELL_DN), Naïve to
Central memory (GSE11057_NAIVE_CENT_MEMORY_
CD4_TCELL_DN) and Naïve to Effector memory cells
(GSE11057_NAIVE_VS_EFF_MEMORY_CD4_T_CELL_
DN) were significantly enriched within the Itk–/– ncTregs
group when we compared them with the WT canTreg
group (Figure 7C). The same Naïve to Effector memory
pathway was also significantly enriched in the Itk–/–
ncTregs group when compared with the Itk–/– canTreg
group (Figure 7D), suggesting that Itk–/− ncTregs may
have more effector memory properties, which correlates
with our flow cytometry data and DGE results. Interest-
ingly, we also observed that a number of Tfr (T follicular
regulatory) pathways were significantly enriched in Itk–/–
ncTregs compared to Itk–/– canTregs, suggesting that Itk–/–
ncTregs may have Tfr properties (Figure 7D).
When we interrogated the Itk–/– ncTregs versus

WT canTregs in the MSigDB C2 (curated) collection,
we observed that the genes upregulated in a hepatic
GVHD on day 35 pathway (ICHIBA_GRAFT_VERSUS_
HOST_DISEASE_35D_UP)were enriched inWT canTregs
(Figure 7E,F). Those genes were downregulated in the
Itk–/– ncTregs group, with a normalized enrichment score
(NES) of −1.76 and −1.75, respectively (Figure 7E,F).

We did not see differences in the GVHD pathway when
we compared canTregs from WT and Itk–/– mice (Fig-
ure 7A,B), or when we compared ncTregs and canTregs
from Itk–/– mice using the C2 curated collection (Fig-
ure 7G). This suggests that the effects on GVHD pathway
may require both loss of Itk and the ncTreg phenotype at
the genetic level. These are examples of pathways that are
involved in different groups of Tregs from Itk–/– and WT
mice. Important pathways that are related to our study are
illustrated in Figure 7 in more detail.

3.7 The inhibitory peptide SLP76pTYR
enhances Treg development and suppresses
proinflammatory cytokine production in
healthy human and GVHD patient samples

We recently developed a specific inhibitor, SLP76pTYR,
that can disrupt SLP76 and ITK signaling by preventing
the SH2 domain of Itk from docking onto SLP76 at the
tyrosine 145 position.22 Previously, we also showed that the
SLP76pTYR peptide can enhance the expansion of murine
Tregs.22 To determinewhether the SLP76pTYRpeptide can
also enhance Treg development in human cells, PBMCs
from healthy humans and from GVHD patients were cul-
tured with our inhibitor or vehicle alone as a control in
the presence of anti-CD3 (clone OKT3) and polybrene
(5 ug/ml) for 5 to 24 h. We saw a significant increase
in FoxP3+ CD4+ T cells in GVHD patient primary cells
treated with SLP76pTYR peptide, and a trend towards
increased production in healthy human treated cells (Fig-
ure 8A,B; Figure S7A).
In order to determine whether the SLP76pTYR peptide

can also enhance ncTreg phenotype in primary mouse
and human cells, mouse primary T cells and healthy
human or GVHD patient PBMCs were cultured with our
inhibitor SLP76pTYR or vehicle alone as a control, and
stimulated with anti-CD3 and polybrene for 5 to 24 h. We
observed a trend towards increased production of ncTregs
in mouse, healthy human and GVHD patient primary
cells treated with SLP76pTYR peptide (with significance in
mouse cells) (Figure 8C,D; Figure S7B,C, as well as a trend
towards increased production of canTregs for mouse and
GVHD patients’ cells treated with peptide (Figure 8C; Fig-
ure S7D,E). Even though we observed that mouse T cells
treatedwith SLP76pTYR showed a trend towards increased

compared between Itk–/– noncanonical and Itk–/– canonical Tregs. (G) GO annotation analysis table of up- and downregulated genes between
Itk–/– noncanonical and Itk–/– canonical Treg groups. (H) Volcano plot showing differentially expressed genes (FDR≤.05) between Itk–/–

noncanonical and WT canonical Tregs. (I) Hierarchical clustering of genes and heatmap illustrating expression of genes compared between
Itk–/– noncanonical and WT canonical Tregs. (J) GO annotation analysis table of up- and downregulated genes between Itk–/– noncanonical
and WT canonical Treg groups
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F IGURE 7 Gene set enrichment analysis of the WT or Itk–/− Treg groups. (A) Gene Set Enrichment Analysis (GSEA) results of Itk–/–

canTregs versus WT canTregs using MSigDB C7 (immunological) gene sets. Negative normalized enrichment score (NES) is an indicator of
downregulation and positive NES is an indicator of upregulation of the genes in the corresponding pathway. Colour specifies the group (Itk–/–

canTregs or WT canTregs) in which expression is enriched; colour transparency indicates the negative Log10 of adjusted p value. (B) GSEA
results of Itk–/– canTregs versus WT canTregs using MSigDB C2 (curated) gene sets. (C) GSEA results of Itk–/– ncTregs versus WT canTregs
using MSigDB C7 (immunological) gene sets. (D) GSEA results of Itk–/– ncTregs versus Itk–/– canTregs using MSigDB C7 (immunological)
gene sets. (E) Running enrichment score (ES) for the “ICHIBA_GRAFT_VERSUS_HOST_DISEASE_35D_UP” pathway genes, comparing
Itk–/– ncTregs to WT canTreg. The ES for the pathway is defined as the peak score furthest from zero, with a negative ES meaning enrichment
in the WT canTregs group. (F) GSEA results of Itk–/– ncTregs versus WT canTregs using MSigDB C2 (curated) gene sets. (G) GSEA results of
Itk–/– ncTregs versus Itk–/− canTregs using MSigDB C2 (curated) gene sets

canTregs, the effect was not significant (Figure S7D).
Healthy human T cells treated with SLP76pTYR did not
show a significant increase in canTregs (Figure S7F),
and we observed that healthy human cells treated with
SLP76pTYR showed a trend towards increased ncTregs,
but the effect was statistically non-significant (Figure
S7B). Our data showed that the SLP76pTYR inhibitor can
affect noncanonical Treg populations in both mouse and
human. Altogether, these data demonstrated that disrupt-
ing SLP76:ITK signaling increases Treg frequency. Our
data suggest that our SLP76pTYR peptide has the potential
to be used in a clinical setting to enhance Treg expansion
for use in treating immune cell-mediated diseases.
To assess the effect of SLP76pTYR on proinflamma-

tory cytokine expression in GVHD patients, we isolated

PBMCs from total blood of patients suffering with GVHD.
Total cells were either stimulated with anti-CD3 and anti-
CD28 and cultured with SLP76pTYR and polybrene, or
stimulated PBMCs were cultured with vehicle alone and
polybrene using GolgiPlug to prevent cytokine secretion.
PBMCs were cultured in a 12-well plate for 6 h. Cells were
stained for IFN-γ and TNF-α and analyzed using flow
cytometry. We have specifically gated on human CD4+
and CD8+ T cells. Our data show that GVHD patient
cells stimulated with anti-CD3/anti-CD28 and cultured
with SLP76pTYR showed significantly reduced produc-
tion of IFN-γ and TNF-α from CD8+ T cells compared
to patient cells cultured in the presence of vehicle alone
(control) (Figure 8E,F). The stimulated cells in the GVHD
patient cytokine suppression assay were compared to a



20 of 25 MAMMADLI et al.

F IGURE 8 Disruption of Itk/SLP76 Y145 signaling enhanced FOXP3 expression and decreased proinflammatory cytokines in healthy
human and GVHD patient samples. Peripheral blood mononuclear cells (PBMCs) of healthy donors or from GVHD patient donors, or mouse
CD3 T cells were isolated from the spleens of naive WT C57Bl/6 mice. For Treg cell culture, cells were resuspended in media and stimulated
with anti-CD3 in the presence of Polybrene and SLP76pTYR or vehicle. Cells were cultured for 5 to 24 h, then stained for Treg markers. (A)
CD4+ FoxP3+ cell percentage in 5- or 24-h SLP76pTYR- or vehicle-treated healthy human or GVHD patient PBMCs. (B) Quantification of five
independent experiments of (A). (C) Canonical (CD4+ CD25+ FoxP3+) and noncanonical (CD4+ CD25– FoxP3+) Treg percentage in
SLP76pTYR or vehicle-treated mouse T cells, healthy human PBMCs, and GVHD patient PBMCs. (D) Quantification of noncanonical Tregs in
mice which were treated with SLP76pTYR or vehicle alone, from three independent experiments. (E) Human GVHD PBMC samples were
stimulated with anti-CD3/anti-CD28 and treated with vehicle or SLP76pTYR, then cultured in the presence of GolgiPlug for 6 h. Cells were
then stained for IFN-γ and TNF-α and analyzed by flow cytometry for CD8+ and CD4+ T cells. (F) Quantification of GVHD patient IFN-γ and
TNF-α expression in CD8+ and CD4+T cells treated with vehicle or SLP76pTYR, from three independent experiments. (G-H) CETSA was
performed using fresh cell lysate from purified cultured mouse T cells, prepared in non-denaturing buffer. Cell lysate was dispensed into a
96-well PCR plate in the above medium (approx. 10 000 cells/well/50 μL), then was subjected to a temperature gradient (37-60◦C) for 20 min.
Subsequently, centrifugation was performed at 14 000 rpm to sediment the unstable protein content. Supernatant was collected and an
SDS-PAGE gel was run, and immuno-detection was performed for ITK using the corresponding primary antibody. Band intensity was
quantified on a LI-COR C-Digit Blot Scanner, and the Tagg(50) and Tagg(75) values were calculated for ITK (G). In a subsequent run (H), fresh
lysates from purified mouse T cells were treated at various doses with threefold dilutions (20, 6.6, 2.2, 0.75, 0.25, 0.08 and 0.027 μM) of the
peptide SLP76pTYR or the DMSO control, for 1 h. Samples were then subjected to heat challenge at Tagg(50) for 20 min, and unstable protein
was removed by a centrifugation step. Following an immuno-blotting step, bands of remaining stable ITK were quantified, normalized to
loading control and plotted using GraphPad Prism software. EC50 values of engagement for both compounds with ITK were subsequently
calculated. Statistical analysis was performed using one-way ANOVA, p value presented with each figure. Symbol meaning for p values are:
ns, p > .05; * p ≤ .05; ** p ≤ .01; *** p ≤ .001; **** p ≤ .0001. One experiment is shown as a representative from 3 independent experiments, for
statistics data from 2–3 independent experiments pooled
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non-stimulated control, with or without SLP76pTYR pep-
tide (Figure S8).
To examine whether the SLP76pTYR peptide induces

apoptosis or causes non-specific cell death, human T cells
isolated from PBMCs from patient blood were cultured for
5 h with SLP76pTYR inhibitors or vehicle alone (control).
We stained the cells for CD3, CD4, CD8 andAnnexinV and
LIVE/DEAD Near-IR to detect apoptosis and cell death.
We did not observe any significant differences in live or
apoptotic cells between SLP76pTYR- and vehicle-treated
groups, for either CD4+ or CD8+ T cells (Figure S9A-D).
Similarly, we isolated splenocytes of WT C57Bl/6 mice and
cultured them with SLP76pTYR and vehicle alone for 5 h,
and post-culture splenocytes were stained for CD3, CD4,
CD8, Annexin V and LIVE/DEADNear-IR. We did not see
any differences in cell death or apoptosis for mouse cells
(Figure S10A–D). To further confirm that the peptide was
not toxic to cells, we usedmouse T cell line Yac-1 cells, and
B cells line A20 cells, which were transduced with GFP
and luciferase,24 and we cultured them in the presence of
SLP76pTYR. Cells were imaged by adding luciferin24 and
imaged every hour from 0 up to 6 h (Figure S10E–H). We
did not observe a significant reduction in bioluminescence
of the cells that were cultured with SLP76pTYR peptide or
vehicle alone, suggesting that the peptide does not have
toxicity at this level in cell culture.
It was also important to determinewhether the observed

effects of the peptide were due to direct engagement of
the SLP76pTYR peptide with ITK. In order to test cel-
lular target engagement, in the first step, we utilized a
thermal stability assay as described by Savitski et al.,51 to
establish the thermal melting profile of ITK. We deter-
mined that the temperature of aggregation (T-agg 50) of
ITK was 45.6◦C, at which 50% of ITK protein in the
cell is denatured (Figure 8G). In the second step, we
treated the cellswith SLP76pTYR, and then subjected them
to temperature challenge at T-agg. The rationale of this
methodology is that heat-induced denaturation of ITK
would be rescued by direct engagement with the ligand
as has been described for other kinases. Direct engage-
ment of the ligand will biophysically stabilize the tar-
get, and therefore its immunoblot band will become more
intense. Denatured/unrescued target protein was removed
by centrifugation prior to immunoblotting. Therefore, the
stronger ITK bands observed in the immunoblot show
that SLP76pTYR rescued the target from denaturation in a
dose-proportional way, with an EC50 of the 0.68 μM (Fig-
ure 8H). As a result of this direct engagement, SLP76pTYR
is expected to block ITK from interacting with its partner
proteins. These data demonstrate direct engagement of the
SLP76pTYR peptide with ITK as an essential part of the
mechanism of action in inhibiting cytokine expression by
human T cells from GVHD patients.

4 DISCUSSION

We have recently shown that Itk-deficient T cells have the
ability to clear tumour cells without inducing GVHD, pro-
moted by higher expression of Eomes and other molecules
responsible for the cytotoxic effect against tumours.22 It
is also known that Itk deficiency can result in the expan-
sion of canonical Tregs.14,23 Huang et al. showed that Tregs
sorted from Itk –/– mice did not ameliorate colitis in a
model in Rag–/– mice. However, Gomez-Rodriguez et al.
reported that in vitro induced Itk–/– Tregs control coli-
tis better than induced WT Tregs. Therefore, it remained
unclear whether loss of Itk was beneficial in T cell-driven
disease. In this report, we examined the role of Tregs from
Itk–/–mice in aGVHDmodel. Our data are in contrast with
Huang et al, since we found that loss of Itk is beneficial in
Tregs in the GVHD context. Our findings are novel as we
showed that the loss of Itk gives rise not only to canTregs
but also to ncTregs, and we showed that both canTregs
and ncTregs from Itk–/– mice are functionally suppres-
sive. We have also used a more clinically relevant GVHD
and GVL model, and provided evidence that ncTregs from
Itk-deficient mice suppress GVHD, but had no effect on
GVL function. This novel finding suggests thatmodulating
ITK signaling may reduce T cell-mediated GVHD without
impacting GVL function.
Our data provide evidence that the loss of ITK does not

result in aberrant FOXP3 expression in all T cell types, but
rather that targeting ITK signaling gives rise to potent sup-
pressive Tregs, and this intervention may have potential
for T cell-based therapeutics. We provided evidence that
ncTregs are not the result of temporary activation, but that
these cells are present post-transplantation, suggesting
that these cells are stable and could be used as a therapy.
Our data showed that the absence of Itk led to sig-

nificantly higher percentages of canonical CD4+ CD25+
FOXP3+ T cells (canTregs) and CD4+ CD25–FOXP3+ cells
(ncTregs). Our data also showed that a higher proportion
of these ncTregs express CTLA-4, and carry a unique effec-
tor phenotype. This effector phenotype has been reported
to be associated with more potent suppressive Tregs.28
Our data showed that CD8+ T cells from Itk–/–mice have

a significantly higher frequency of central memory pheno-
type cells (CM), but CD4+ T cells from Itk–/– mice showed
significantly increased expression of the effector mem-
ory (EM) phenotype, similar to what has previously been
reported.18–20 Published data fromboth animalmodels and
humans have demonstrated that effector memory T cells
(TEM) and central memory T cells (TCM) from unprimed
donors have a decreased ability to induce GVHD.29,30
These data suggest that targeting ITK signaling has ther-
apeutic potential. Our data also showed that a higher pro-
portion of ncTregs from mice lacking Itk express CXCR3
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than canTreg from WT mice. CXCR3+ Tregs are thought
to be the Tregs with the most potent immune regulatory
properties,31 suggesting that Itk–/− ncTregs have high sup-
pressive potential. It has also been previously shown that
CXCR3-expressing Tregs can suppress the Th1 response.32
This would suggest that they can migrate and maintain
their suppressive ability in the GVHD target organs longer
than canonical Tregs from WT mice.21 We also confirmed
that the canTregs and ncTregs from Itk–/− mice are main-
taining their phenotype.
Our data showed that a higher proportion of ncTregs

from Itk–/– mice express PD-1, supporting published work
that PD-1 expression is critical for Treg function.33,34 We
also showed that a higher proportion of ncTregs from Itk–/–
mice express ICOS. Published data have shown that ICOS-
deficient Tregs cannot suppress inflammation.35 Further-
more, there is evidence that IL-2 therapy significantly
affects ICOS-expressing Tregs.36 Our data provided evi-
dence that inhibition of ITK increases ncTregs which
express ICOS, and high expression of ICOS is pivotal for
Treg function.37
Published studies have shown that chemokine CCR7

is expressed on both naïve and effector/memory Tregs.
Naïve Tregs lacking CCR7 in guts cannot recirculate, and
published data have also shown that effector/memory
Tregs lacking CCR7 expression accumulate in the site
of inflammation.38,39 Our data showed that the ncTregs
express significantly less CCR7, suggesting that these Tregs
may accumulate in sites of inflammatory GVHD damage.
All of these observations were also confirmed with RNA
sequencing analysis of ncTregs and canTregs.
We provided evidence that a higher proportion of

ncTregs from Itk-deficient mice express CTLA-4, but no
changes in IL-10 (compared to WT) upon stimulation.
Our data also showed that transplanting Tregs from Itk–/−
mice led to a decrease in proinflammatory cytokines in
the serum and less tissue damage in GVHD target organs
induced by donor conventional T cells. Furthermore, treat-
ing mouse and human T cells with SLP76pTYR, a recently
developed peptide inhibitor that specifically inhibits Itk
kinase phosphorylation,13 led to an increase in in propor-
tion expressing Foxp3 in vitro.
These results revealed that canonical Tregs from Itk-

deficient mice may have superior suppressive abilities
compared to WT canonical Tregs. Due to technical and
biological issues with sorting, we were not able to com-
pare WT ncTregs with Itk–/− ncTregs in the in vivo experi-
ments in order to see whether the effects are coming from
the altered Itk signaling or from the noncanonical phe-
notype. However, we could compare the canonical Treg
groups from Itk–/− and WT mice, as well as canTregs and
ncTregs from Itk–/− mice, and observed that both Itk sig-

naling and the noncanonical phenotype contribute sepa-
rately to the differences in transcriptomic profiles.
Treg cells are usually administered in similar propor-

tions to donor conventional T cells, and previous data sug-
gested that a lower ratio of Treg cells, similar to their
physiological proportion, has no protective effect against
GVHD.40 In our experiments, we confirmed these find-
ings. When we transplanted 1 million CD8+ T cells from
WTmice and treatedwith 0.5millionCD25+FOXP3+ Tregs
from WT mice, recipient mice were not protected from
developing GVHD, although they cleared tumour cells.
They also showed decreased serum cytokines and less tis-
sue damage in small intestines on day 7. However, mice
that were transplanted with WT canTregs started showing
significant GVHD signs after day 10. In contrast, recipient
mice transplanted with 1 million WT T cells and 0.5 mil-
lion canonical Itk–/− Tregs had significantly delayed acute
GVHD and increased survival rates compared to non-
treated and WT canTreg-treated groups. Furthermore, we
observed that recipient mice transplanted with 1 million
WT T cells and 0.5 million Itk–/− ncTregs showed almost
no signs of GVHD, and had increased survival rates com-
pared to non-treated andWT canTreg-treated groups. This
occurred despite the 1:2 Treg:Tconv ratio, suggesting that
Itk–/− ncTregs may be more suppressive than canonical
Tregs.
Tregs are critical for the maintenance of tolerance, and

transfer of Treg cells can ameliorate GVHD by restoring
defective tolerance mechanisms.41 One of the biggest chal-
lenges is to isolate functional Tregs in large numbers for
immunotherapy.42 This challenge is due to the low num-
ber of Tregs in peripheral blood.4 Given their low num-
bers in the blood, it is difficult to obtain enough Tregs
in the clinic for use as a therapy. If the number of col-
lected canTregs and ncTregs could be increased for use
in GVHD patients, such patients could be better protected
fromGVHD and other autoimmune disorders. This limita-
tion in cell numbers could be mitigated by in vitro expan-
sion of Tregs, but data have shown that in vitro expansion
causes loss of FOXP3 expression.11 Other reports suggested
that in vitro expansion of Tregs with rapamycin increases
Tregs, but reduces suppressive function.43 Several recent
protocols have been developed using Chimeric Antigen
Receptor T-Cell therapy. This is a very attractive approach,
but this approach also has considerable limitations, such
as problems with trafficking, downregulating chemokine
receptors and cryopreservation.45,52 Our RNA sequences
data support our hypothesis that Itk–/– ncTregs have amore
suppressive effector-like and Tfr-like phenotype. They also
suggest that Itk could be a potential therapeutic target for
increasing regulatory T cells that can ameliorate GVHD,
and could be used in other autoimmune diseases.
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Altogether, these data support our hypothesis that Itk–/–
canTregs and ncTregs differentially regulate a number of
important genes that are involved in immune responses
to pathogens and alloantigens, and they also express more
effector, cell adhesion and migration molecules. Even
though we did not see such drastic genetic differences
when we compared the Itk–/– canTregs and WT canTregs
(versus in the comparison between ncTregs and canTregs),
the functional data along with the DEGS and functional
enrichment analysis suggest that the differences are not
only coming from the noncanonical phenotype, but that
Itk signaling also contributes to these effects.
The pharmacological treatments available to main-

tain FOXP3 expression, such as CPG methylation, his-
tone deacetylase inhibitors and the mammalian target of
rapamycin (mTOR) inhibitor rapamycin (sirolimus),46 can
result in general immunosuppression, which could lead
to tumour relapse and infection. Our data showed that
mouse, healthy human and GVHD patient T cells treated
with our specific peptide SLP76pTYR had increased
FOXP3 expression (and canonical and noncanonical
Tregs), suggesting that Itk/SLP76 inhibition could be an
alternative approach.
The presence of cytokine storm is considered one of the

hallmarks of GVHD pathogenesis,47 and studies in animal
GVHD models have shown that the loss of Tregs during
development leads to increased production of proinflam-
matory cytokines by allo-reactive donor T cells.48 Our data
also show that mouse, healthy human, and GVHD patient
T cells treated with our specific peptide SLP76pTYR had
reduced expression of proinflammatory cytokines. Modu-
lation of cytokine production by donor T cells can exert
direct effects on GVHD target tissues. This peptide also
expands Tregs, and these Tregs provide a significant reduc-
tion in WT T cell-mediated GVHD, suggesting that treat-
ment of donor T cells with the SLP76pTYR peptide may be
away tomodulate cytokine storm following allotransplant.
In summary, we have shown that genetic or pharmaco-

logical ablation of Itk in T cells leads to an expansion of
canonical and noncanonical functional Tregs. Treatment
with these Tregs, especially those which are noncanonical,
leads to attenuation of GVHD with preservation of GVL
effects, suggesting that inhibiting Itk may be a potential
therapeutic target for treatment of GVHD and other dis-
eases where Tregs are therapeutically useful.

ACKNOWLEDGEMENTS
We thank all members of the Karimi and August labora-
tories for helpful discussions. This research was funded
in part by a grant from the National Blood Founda-
tion Scholar Award to (MK), the National Institutes of
Health (NIH LRP #L6 MD0010106 and Award 75676
[project 1146249]), the Upstate Medical University Can-

cer center (1146249-1-075632), and a NAID K22 (AI130182)
to MK. AA was supported in part by grants from the
National Institutes of Health (AI120701 and AI138570 to
AA; R35ES028244 to AA and Gary Perdew; AI129422 to
AA) and the Howard Hughes Medical Institute (HHMI
Professorship toAA).A version of thismanuscriptwas pre-
viously included as a chapter in RH’s dissertation.

CONFL ICT OF INTEREST
AA receives research support from 3M Corporation. The
other authors declare no conflicts of interest.

ORCID
MobinKarimi https://orcid.org/0000-0002-3240-4814

REFERENCES
1. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T

cells and immune tolerance. Cell. 2008;133(5):775-787. https://
doi.org/10.1016/j.cell.2008.05.009

2. Heinrichs J, Bastian D, Veerapathran A, Anasetti C, Betts B,
Yu XZ. Regulatory T-cell therapy for graft-versus-host disease.
J Immunol Res Ther. 2016;1(1):1-14.

3. Whangbo JS, Antin JH, Koreth J. The role of regulatory
T cells in graft-versus-host disease management. Expert Rev
Hematol. 2020;13(2):141-154. https://doi.org/10.1080/17474086.
2020.1709436

4. Ruhnau J, Schulze J, von Sarnowski B, et al. Reduced numbers
and impaired function of regulatory T cells in peripheral blood of
ischemic stroke patients.Mediators Inflamm. 2016;2016:2974605.
https://doi.org/10.1155/2016/2974605

5. Li Z, Li D, Tsun A, Li B. FOXP3+ regulatory T cells and
their functional regulation. Cell Mol Immunol. 2015;12(5):558-
565. https://doi.org/10.1038/cmi.2015.10

6. ShevachEM.Foxp3(+) T regulatory cells: stillmanyunanswered
questions-A perspective after 20 years of study. Front Immunol.
2018;9:1048. https://doi.org/10.3389/fimmu.2018.01048

7. Fuchs A, Gliwinski M, Grageda N, et al. Minimum informa-
tion about T regulatory cells: a step toward reproducibility and
standardization. Front Immunol. 2017;8:1844. https://doi.org/10.
3389/fimmu.2017.01844

8. Kanamori M, Nakatsukasa H, Okada M, Lu Q, Yoshimura A.
Induced regulatory T cells: their development, stability, and
applications. Trends Immunol. 2016;37(11):803-811. https://doi.
org/10.1016/j.it.2016.08.012

9. Li Q, Zhai Z, Xu X, et al. Decrease of CD4(+)CD25(+) regu-
latory T cells and TGF-beta at early immune reconstitution is
associated to the onset and severity of graft-versus-host disease
following allogeneic haematogenesis stem cell transplantation.
Leuk Res. 2010;34(9):1158-1168. https://doi.org/10.1016/j.leukres.
2010.03.017

10. Rieger K, Loddenkemper C, Maul J, et al. Mucosal FOXP3+
regulatory T cells are numerically deficient in acute and
chronic GvHD. Blood. 2006;107(4):1717-1723. https://doi.org/10.
1182/blood-2005-06-2529

11. Cohen JL, Trenado A, Vasey D, Klatzmann D, Salomon BL.
CD4(+)CD25(+) immunoregulatory T Cells: new therapeutics
for graft-versus-host disease. J Exp Med. 2002;196(3):401-406.
https://doi.org/10.1084/jem.20020090

https://orcid.org/0000-0002-3240-4814
https://orcid.org/0000-0002-3240-4814
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1080/17474086.2020.1709436
https://doi.org/10.1080/17474086.2020.1709436
https://doi.org/10.1155/2016/2974605
https://doi.org/10.1038/cmi.2015.10
https://doi.org/10.3389/fimmu.2018.01048
https://doi.org/10.3389/fimmu.2017.01844
https://doi.org/10.3389/fimmu.2017.01844
https://doi.org/10.1016/j.it.2016.08.012
https://doi.org/10.1016/j.it.2016.08.012
https://doi.org/10.1016/j.leukres.2010.03.017
https://doi.org/10.1016/j.leukres.2010.03.017
https://doi.org/10.1182/blood-2005-06-2529
https://doi.org/10.1182/blood-2005-06-2529
https://doi.org/10.1084/jem.20020090


24 of 25 MAMMADLI et al.

12. Mammadli M, Huang W, Harris R, et al. Targeting interleukin-
2-inducible T-cell kinase (ITK) differentiates GVL and GVHD
in Allo-HSCT. Front Immunol. 2020;11:593863. https://doi.org/
10.3389/fimmu.2020.593863

13. Mammadli M, Huang W, Harris R, et al. Targeting SLP76:iTK
interaction separates GVHD from GVL in allo-HSCT. iScience.
2021;24(4):102286. https://doi.org/10.1016/j.isci.2021.102286

14. Gomez-Rodriguez J,Wohlfert EA, HandonR, et al. Itk-mediated
integration of T cell receptor and cytokine signaling regulates
the balance between Th17 and regulatory T cells. J Exp Med.
2014;211(3):529-543. https://doi.org/10.1084/jem.20131459

15. Coleman MM, Finlay CM, Moran B, Keane J, Dunne PJ, Mills
KH. The immunoregulatory role of CD4(+) FoxP3(+) CD25(−)
regulatory T cells in lungs of mice infected with Bordetella per-
tussis. FEMS Immunol Med Microbiol. 2012;64(3):413-424. https:
//doi.org/10.1111/j.1574-695X.2011.00927.x

16. Harris R, Mammadli M, Karimi M. Loss of TCF-1 regulates pro-
duction of noncanonical Tregs in a prion-like manner. bioRxiv.
2021:2021.03.11.435008.https://doi.org/10.1101/2021.03.11.435008

17. Sojka DK, Huang YH, Fowell DJ. Mechanisms of regula-
tory T-cell suppression - a diverse arsenal for a moving
target. Immunology. 2008;124(1):13-22. https://doi.org/10.1111/j.
1365-2567.2008.02813.x

18. Hu J, August A. Naive and innate memory phenotype CD4+ T
cells have different requirements for active Itk for their devel-
opment. J Immunol. 2008;180(10):6544-6552. https://doi.org/10.
4049/jimmunol.180.10.6544

19. Hu J, Sahu N, Walsh E, August A. Memory phenotype CD8+
T cells with innate function selectively develop in the absence
of active Itk. Eur J Immunol. 2007;37(10):2892-2899. https://doi.
org/10.1002/eji.200737311

20. Prince AL, Kraus Z, Carty SA, et al. Development of innate
CD4+ and CD8+ T cells in Itk-deficient mice is regulated by dis-
tinct pathways. J Immunol. 2014;193(2):688-699. https://doi.org/
10.4049/jimmunol.1302059

21. Hasegawa H, Inoue A, Kohno M, et al. Therapeutic effect of
CXCR3-expressing regulatory T cells on liver, lung and intesti-
nal damages in a murine acute GVHD model. Gene Ther.
2008;15(3):171-182. https://doi.org/10.1038/sj.gt.3303051

22. Mammadli M, Huang W, Harris R, et al. Targeting SLP76:ITK
interaction separates GVHD from GVL in allo-HSCT. iScience.
2021;24(4). https://doi.org/10.1016/j.isci.2021.102286

23. Huang W, Jeong AR, Kannan AK, Huang L, August A. IL-
2-inducible T cell kinase tunes T regulatory cell development
and is required for suppressive function. J Immunol. 2014;193(5):
2267-2272. https://doi.org/10.4049/jimmunol.1400968

24. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal prob-
abilistic RNA-seq quantification. Nat Biotechnol. 2016;34(5):525-
527. https://doi.org/10.1038/nbt.3519

25. Ritchie ME, Phipson B, Wu D, et al. limma powers differential
expression analyses for RNA-sequencing and microarray stud-
ies. Nucleic Acids Res. 2015;43(7):e47. https://doi.org/10.1093/
nar/gkv007

26. Andrade C.Multiple testing and protection against a type 1 (false
positive) error using the bonferroni and hochberg corrections.
Indian J Psychol Med. 2019;41(1):99-100. https://doi.org/10.4103/
IJPSYM.IJPSYM_499_18

27. Cooke KR, Kobzik L,Martin TR, et al. An experimentalmodel of
idiopathic pneumonia syndrome after bone marrow transplan-

tation: i. The roles of minor H antigens and endotoxin. Blood.
1996;88(8):3230-3239.

28. BarnesMJ, Griseri T, Johnson AM, YoungW, Powrie F, Izcue A.
CTLA-4 promotes Foxp3 induction and regulatory T cell accu-
mulation in the intestinal lamina propria. Mucosal Immunol.
2013;6(2):324-334. https://doi.org/10.1038/mi.2012.75

29. Huang W, Mo W, Jiang J, Chao NJ, Chen BJ. Donor allospe-
cific CD44(high) central memory T cells have decreased abil-
ity tomediate graft-vs.-host disease. Front Immunol. 2019;10:624.
https://doi.org/10.3389/fimmu.2019.00624

30. Chen BJ, Deoliveira D, Cui X, et al. Inability of memory
T cells to induce graft-versus-host disease is a result of an
abortive alloresponse. Blood. 2007;109(7):3115-3123. https://doi.
org/10.1182/blood-2006-04-016410

31. Hoerning A, Koss K, Datta D, et al. Subsets of human CD4(+)
regulatory T cells express the peripheral homing receptor
CXCR3. Eur J Immunol. 2011;41(8):2291-2302. https://doi.org/10.
1002/eji.201041095

32. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl
KB, Campbell DJ. The transcription factor T-bet controls regu-
latory T cell homeostasis and function during type 1 inflamma-
tion. Nat Immunol. 2009;10(6):595-602. https://doi.org/10.1038/
ni.1731

33. Kamada T, Togashi Y, Tay C, et al. PD-1(+) regulatory T cells
amplified by PD-1 blockade promote hyperprogression of cancer.
Proc Natl Acad Sci U S A. 2019;116(20):9999-10008. https://doi.
org/10.1073/pnas.1822001116

34. Cai J, Wang D, Zhang G, Guo X. The role of PD-1/PD-L1
axis in treg development and function: implications for can-
cer immunotherapy.Onco Targets Ther. 2019;12:8437-8445. https:
//doi.org/10.2147/OTT.S221340

35. Landuyt AE, Klocke BJ, Colvin TB, Schoeb TR, Maynard CL.
Cutting edge: iCOS-deficient regulatory T cells display nor-
mal induction of Il10 but readily downregulate expression
of Foxp3. J Immunol. 2019;202(4):1039-1044. https://doi.org/10.
4049/jimmunol.1801266

36. Sim GC, Martin-Orozco N, Jin L, et al. IL-2 therapy promotes
suppressive ICOS+ Treg expansion inmelanoma patients. J Clin
Invest. 2014;124(1):99-110. https://doi.org/10.1172/JCI46266

37. Li DY, Xiong XZ. ICOS(+) tregs: a functional subset of tregs in
immune diseases. Front Immunol. 2020;11:2104. https://doi.org/
10.3389/fimmu.2020.02104

38. Menning A, Hopken UE, Siegmund K, Lipp M, Hamann A,
Huehn J. Distinctive role of CCR7 in migration and func-
tional activity of naive- and effector/memory-like Treg subsets.
Eur J Immunol. 2007;37(6):1575-1583. https://doi.org/10.1002/eji.
200737201

39. Schneider MA, Meingassner JG, Lipp M, Moore HD, Rot A.
CCR7 is required for the in vivo function of CD4+ CD25+ regu-
latory T cells. J ExpMed. 2007;204(4):735-745. https://doi.org/10.
1084/jem.20061405

40. Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S.
Donor-type CD4(+)CD25(+) regulatory T cells suppress lethal
acute graft-versus-host disease after allogeneic bone marrow
transplantation. J ExpMed. 2002;196(3):389-399. https://doi.org/
10.1084/jem.20020399

41. Beres AJ, Drobyski WR. The role of regulatory T cells in the
biology of graft versus host disease. Front Immunol. 2013;4:163.
https://doi.org/10.3389/fimmu.2013.00163

https://doi.org/10.3389/fimmu.2020.593863
https://doi.org/10.3389/fimmu.2020.593863
https://doi.org/10.1016/j.isci.2021.102286
https://doi.org/10.1084/jem.20131459
https://doi.org/10.1111/j.1574-695X.2011.00927.x
https://doi.org/10.1111/j.1574-695X.2011.00927.x
https://doi.org/10.1101/2021.03.11.435008
https://doi.org/10.1111/j.1365-2567.2008.02813.x
https://doi.org/10.1111/j.1365-2567.2008.02813.x
https://doi.org/10.4049/jimmunol.180.10.6544
https://doi.org/10.4049/jimmunol.180.10.6544
https://doi.org/10.1002/eji.200737311
https://doi.org/10.1002/eji.200737311
https://doi.org/10.4049/jimmunol.1302059
https://doi.org/10.4049/jimmunol.1302059
https://doi.org/10.1038/sj.gt.3303051
https://doi.org/10.1016/j.isci.2021.102286
https://doi.org/10.4049/jimmunol.1400968
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.4103/IJPSYM.IJPSYM_499_18
https://doi.org/10.4103/IJPSYM.IJPSYM_499_18
https://doi.org/10.1038/mi.2012.75
https://doi.org/10.3389/fimmu.2019.00624
https://doi.org/10.1182/blood-2006-04-016410
https://doi.org/10.1182/blood-2006-04-016410
https://doi.org/10.1002/eji.201041095
https://doi.org/10.1002/eji.201041095
https://doi.org/10.1038/ni.1731
https://doi.org/10.1038/ni.1731
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.2147/OTT.S221340
https://doi.org/10.2147/OTT.S221340
https://doi.org/10.4049/jimmunol.1801266
https://doi.org/10.4049/jimmunol.1801266
https://doi.org/10.1172/JCI46266
https://doi.org/10.3389/fimmu.2020.02104
https://doi.org/10.3389/fimmu.2020.02104
https://doi.org/10.1002/eji.200737201
https://doi.org/10.1002/eji.200737201
https://doi.org/10.1084/jem.20061405
https://doi.org/10.1084/jem.20061405
https://doi.org/10.1084/jem.20020399
https://doi.org/10.1084/jem.20020399
https://doi.org/10.3389/fimmu.2013.00163


MAMMADLI et al. 25 of 25

42. Taylor PA, Panoskaltsis-Mortari A, Swedin JM, et al. L-
Selectin(hi) but not the L-selectin(lo) CD4+25+ T-regulatory
cells are potent inhibitors of GVHD and BM graft rejection.
Blood. 2004;104(12):3804-3812. https://doi.org/10.1182/blood-
2004-05-1850

43. Fraser H, Safinia N, Grageda N, et al. A rapamycin-based
GMP-compatible process for the isolation and expansion
of regulatory T cells for clinical trials. Mol Ther Methods
Clin Dev. 2018;8:198-209. https://doi.org/10.1016/j.omtm.2018.01.
006

44. Huang W, Solouki S, Koylass N, Zheng SG, August A. ITK sig-
nalling via theRas/IRF4 pathway regulates the development and
function of Tr1 cells.Nat Commun. 2017;8:15871. https://doi.org/
10.1038/ncomms15871

45. Echeverry G, Fischer GW, Mead E, Next generation of can-
cer treatments: chimeric antigen receptor T-cell therapy and
its related toxicities: a review for perioperative physicians.
Anesth Analg. 2019;129(2):434-441. https://doi.org/10.1213/ANE.
0000000000004201

46. Polansky JK, Kretschmer K, Freyer J, et al. DNA methylation
controls Foxp3 gene expression.Eur J Immunol. 2008;38(6):1654-
1663. https://doi.org/10.1002/eji.200838105

47. Holler E. Cytokines, viruses, and graft-versus-host disease.
Curr Opin Hematol. 2002;9(6):479-484. https://doi.org/10.1097/
00062752-200211000-00002

48. Choi J, Ritchey J, Prior JL, et al. In vivo administration of
hypomethylating agents mitigate graft-versus-host disease with-
out sacrificing graft-versus-leukemia. Blood. 2010;116(1):129-139.
https://doi.org/10.1182/blood-2009-12-257253

49. Strobl J, Pandey RV, Krausgruber T, et al. Anti-apoptotic
molecule BCL2 is a therapeutic target in steroid-refractory graft-
versus-host disease. J Invest Dermatol. 2020;140(11):2188-2198.
https://doi.org/10.1016/j.jid.2020.02.029

50. Joller N, Lozano E, Burkett PR, et al. Treg cells expressing the
coinhibitory molecule TIGIT selectively inhibit proinflamma-
tory Th1 and Th17 cell responses. Immunity. 2014;40(4):569-81.
https://doi.org/10.1016/j.immuni.2014.02.012

51. Mateus A, Kurzawa N, Becher I, et al. Thermal proteome
profiling for interrogating protein interactions. Mol Syst Biol.
2020;16(3):e9232. https://doi.org/10.15252/msb.20199232

52. Ruella M, Kenderian SS. Next-generation chimeric anti-
gen receptor T-cell therapy: going off the shelf. BioDrugs.
2017;31(6):473-481. https://doi.org/10.1007/s40259-017-0247-0

SUPPORT ING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Mammadli M, Harris R,
Suo L, et al. Interleukin-2-Inducible T-cell Kinase
(Itk) signaling regulates potent noncanonical
regulatory T cells. Clin Transl Med. 2021;11:e625.
https://doi.org/10.1002/ctm2.625

https://doi.org/10.1182/blood-2004-05-1850
https://doi.org/10.1182/blood-2004-05-1850
https://doi.org/10.1016/j.omtm.2018.01.006
https://doi.org/10.1016/j.omtm.2018.01.006
https://doi.org/10.1038/ncomms15871
https://doi.org/10.1038/ncomms15871
https://doi.org/10.1213/ANE.0000000000004201
https://doi.org/10.1213/ANE.0000000000004201
https://doi.org/10.1002/eji.200838105
https://doi.org/10.1097/00062752-200211000-00002
https://doi.org/10.1097/00062752-200211000-00002
https://doi.org/10.1182/blood-2009-12-257253
https://doi.org/10.1016/j.jid.2020.02.029
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.15252/msb.20199232
https://doi.org/10.1007/s40259-017-0247-0
https://doi.org/10.1002/ctm2.625

	Interleukin-2-inducible T-cell kinase (Itk) signaling regulates potent noncanonical regulatory T cells
	Abstract
	1 | INTRODUCTION
	2 | METHODS AND MATERIALS
	2.1 | Animal used in this manuscript
	2.2 | Chemicals and cell lines were used in this manuscript
	2.3 | Allo-HSCT and GVL studies
	2.4 | Allo-HSCT and GVL studies with Treg treatment
	2.5 | Cytokine production assay
	2.6 | Cytokine Serum ELISA
	2.7 | Cell culture for different regulatory T cell markers
	2.8 | Cell death assay
	2.9 | RNA sequencing
	2.10 | In vivo T cell proliferation assay
	2.11 | Post-transplant Treg phenotype assay
	2.12 | Histopathological examination
	2.13 | Human patient samples
	2.14 | Cellular thermal shift assay (CETSA)
	2.15 | Statistical analyses

	3 | RESULTS
	3.1 | Itk&#x2212;/&#x2013; T cells delay GVHD even at high numbers
	3.2 | ITK suppresses the development of the noncanonical Treg phenotype
	3.3 | Noncanonical Itk-/- Tregs suppress GVHD but maintain GVL effects
	3.4 | Noncanonical Itk-/- Tregs suppress serum level inflammatory cytokine production
	3.5 | Noncanonical Itk-/- Tregs suppress donor T cell proliferation in vivo, resulting in less damage to GVHD target organs
	3.6 | Noncanonical Itk-/- Tregs have different gene expression patterns than canonical Tregs
	3.7 | The inhibitory peptide SLP76pTYR enhances Treg development and suppresses proinflammatory cytokine production in healthy human and GVHD patient samples

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


