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Abstract

Patients with refractory graft-versus-host disease (GVHD) have a dismal prognosis.

Therefore, novel therapeutic targets are still needed to be identified. Runt-related

transcriptional factor (RUNX) family transcription factors are essential transcription

factors that mediate the essential roles in effector T cells. However, whether RUNX

targeting can suppress, and GVHD is yet unknown. Here, we showed that RUNX fam-

ily members have a redundant role in directly transactivating NFATC2 expression in T

cells. We also found that our novel RUNX inhibitor, Chb-M’, which is the inhibitor that

switches off the entire RUNX family by alkylating agent–conjugated pyrrole-imidazole

(PI) polyamides, inhibited T-cell receptor mediated T cell proliferation and allogenic T

cell response. These were designed to specifically bind to consensus RUNX-binding

sequences (TGTGGT). Chb-M’ also suppressed the expression of NFATC2 and pro-

inflammatory cytokine genes in vitro. Using xenogeneic GVHD model, mice injected

by Chb-M’ showed almost no sign of GVHD. Especially, the CD4 T cell was decreased

and GVHD-associated cytokines including tissue necrosis factor-α and granulocyte-

macrophage colony-stimulating factorwere reduced in the peripheral blood of Chb-M’

injected mice. Taken together, our data demonstrates that RUNX family transcription-

ally upregulates NFATC2 in T cells, and RUNX-NFATC2 axis can be a novel therapeutic

target against GVHD.

KEYWORDS

graft-versus-host disease, NFATC2, polyamide, RUNX

1 INTRODUCTION

The most common life-threatening complication of hematopoietic

stem cell transplantation (HSCT) is graft-versus-host disease (GVHD).

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. eJHaem published by British Society for Haematology and JohnWiley & Sons Ltd.

Approximately 20%–60% of HSCT recipients develop GVHD despite

advances in immunosuppressive therapy. In addition, the prognosis for

patients with steroid-refractory acute GVHD (SR-aGVHD) is dismal,

with a survival rate of only 5%-30% [1]. Ruxolitinib has been shown to

eJHaem. 2021;2:449–458. wileyonlinelibrary.com/journal/jha2 449

 26886146, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jha2.230 by K

yoto U
niversity, W

iley O
nline L

ibrary on [19/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
A Self-archived copy in

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

https://orcid.org/0000-0002-7578-006X
https://orcid.org/0000-0003-3257-5071
https://orcid.org/0000-0003-2761-8508
mailto:kamikubo.yasuhiko.7u@kyoto-u.ac.jp
mailto:hs@kuchem.kyoto-u.ac.jp
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jha2


450 KUBOTA ET AL.

be beneficial for SR-aGVHD, but the overall response rate is still 40%

[2], necessitating other novel strategies to control SR-aGVHD [3,4].

Nuclear factor of activated T cells (NFAT) is a family of transcrip-

tion factors identified in activated T cells and promotes the expression

of multiple cytokines and other regulatory molecules [5]. Among NFAT

family proteins, NFATC2 is a positive regulator of T helper type 1 (Th1)

inflammation [6] and has been recognized as a therapeutic target for

aGVHD [7]. Calcineurin inhibitors, such as tacrolimus and cyclosporin,

inhibit T cell activation, expansion, and effector function by binding to

calcineurin and subsequently inhibitingNFAT-dependent transcription

[8]. More specific NFAT-targeting inhibitors have been developed and

validated, but have yet to be analyzed in suitable animal models for

potential disease improvement [6,9].

In addition, proinflammatory cytokines exert direct effects on

aGVHD target tissues [10]. Although Th2 and Th17 subsets are also

involved in pathogenesis; the predominance of Th1 subsets is well

established in mediating aGVHD pathogenesis [11]. Interleukin-2 (IL-

2), interferon-γ (IFN-γ) and tissue necrosis factor-α (TNF-α) are the

critical cytokines produced during Th1 differentiation and are impor-

tant in aGVHD [12]. Granulocyte-macrophage colony-stimulating fac-

tor (GM-CSF also known as CSF2) plays an emerging role across

a range of inflammatory diseases [13,14]. Recent studies have sug-

gested that donor-derived GM-CSF is a crucial driver of inflamma-

tion and a key factor of determining the severity of the GVHD

[15]–[17]. Cytokine management for the prophylaxis and treatment of

GVHD appears promising, but further efforts are needed to optimize

it [18].

The RUNX family of transcription factors (RUNX1, RUNX2, RUNX3)

are essential for diverse functions in mammalian cells and regulate

the transcription of target genes by recognizing a core consensus

DNA-binding sequence classically referred to as 5′-TGTGGT-3′ [19].
RUNX1 and RUNX3 are widely expressed in T cells, in which they

play essential roles in T cell development and the acquisition of T

cell effector functions [20], and regulate directly IL2 [21], IFNG [22]

and CSF2 [23]. RUNX and NFAT proteins as transcription partners

bind in a sequence-specific manner to the promoter and other regu-

latory elements of target genes and they work together to regulate

target genes [24,25]. In addition, it has been reported that RUNX2

activates NFATC2 gene expression in human mesenchymal cells [26],

but whether NFATC2 is regulated by RUNX family in T cells is largely

unknown.

We have reported that chlorambucil (Chb)-conjugated pyrrole-

imidazole (PI) polyamides, Chb-M’, as a novel RUNX inhibitor which

could specifically recognize and bind to RUNX binding sites inhibit

RUNX-mediated gene expression [27,28], but therapeutic strategies

targeting the regulation of gene expression in T cells by RUNX

inhibitors have not yet been reported. Based on the assumption of

the presence of functional redundancy among the RUNX family mem-

bers [29], we hypothesize targeting whole-RUNX family by Chb-M’

can down-regulate NFATC2 and pro-inflammatory cytokine genes of T

cells, and reduce GVHD severity.

In this report, we show evidence that inhibition of whole RUNX

family inhibits NFATC2 expression, T cell proliferation and cytokine

expression. Furthermore, we examine that RUNX-inhibitor, Chb-M’,

ameliorates xenogeneic GVHD. Our findings suggest that RUNX inhi-

bition therapy by Chb-M’ can be a novel therapeutic strategy toward

GVHD.

2 METHODS

2.1 Cell cultures and reagents

The human Jurkat cell line (clone JE6.1) was obtained from The Euro-

pean Collection of. Authenticated Cell Cultures (ECACC, UK, Cat No:

88042803). Embryonic kidney derived HEK293T cell was obtained

from Japanese Collection of Research Bioresources (JCRB, Japan).

Human peripheral blood was obtained from normal adults following

proper consent. Human peripheral blood mononuclear cells (PBMCs)

were separated using Lymphoprep (Axis-Shields, Oslo, Norway) den-

sity centrifugation and washed with phosphate-buffered saline. Jurkat

cells and human PBMCs were cultured in RPMI 1640 medium supple-

mentedwith 10% fetal calf serum (FCS) and1%penicillin/streptomycin

(P/S), and HEK293T cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% FCS and 1% P/S at

37◦C in a humidified incubator with 5% CO2. For cytokine analysis,

cells were stimulated with 50 ng/ml PMA (Wako, Osaka, Japan) and

1μM ionomycin (Sigma-Aldrich, St. Louis, MO, USA) for 4 h in human

PBMCs and 12 h in Jurkat cells, or human PBMCswere also stimulated

with anti-CD3 mAb (OKT3)-coated plates for 24 hours. For prolifera-

tion assay, human PBMC were stimulated by incubation with OKT3-

coated plates in presence of 100U/ml human recombinant interleukin-

2 (rIL-2) for 4 days.

2.2 Xenogeneic GVHD model

Mice used in this study were 8- to 12-week-old-male NOD/Shi-scid,

IL-2RγKO (NOG) mice. All animal experiments were carried out under

protocols approved by Institute of Laboratory Animals of Graduate

School of Medicine, Kyoto University. Mice received an intravenous

injection of fresh, human PBMCs (5 ×10 [6] cells) from a uniform

healthy donor source once on day 0 of the transplant. Mice were

treated with Chb-M’ (320 μg/kg body weight, twice per week intra-

venous injections) or with the equivalent amount of either chloram-

bucil (Chb), Chb-S or DMSO twice a week from day 0. Mice were

monitored for GVHD clinical scores, weight and premoribund status.

GVHD severity was assessed by a scoring system that incorporates

five clinical parameters: weight loss, posture (hunching), activity, fur

texture and skin integrity as previously reported [30]. Each parame-

ter received a score of 0 (minimum) to 2 (maximum). Mice that had

lost > 20% of their original body weight were euthanized. The final

scores of the animals that reached the ethical limit score were kept in

the dataset for the remaining time points. Peripheral blood were col-

lected and analyzed by flow cytometry at week 4 after transplanta-

tion. To remove red blood cells, blood was lysed in RBC lysing buffer
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KUBOTA ET AL. 451

(BD Biosciences) to obtain a cell suspension of mononuclear cells.

As indicated, mice were euthanized at 7 weeks after transplantation

to study the GVHD pathologic findings of recipient lungs and livers.

GVHD pathology scores for recipient liver and lung were assigned in

a standard way [31,32].

2.3 Study approval

All animal studies were properly conducted in accordance with the

Regulation on Animal Experimentation at Kyoto University, based on

International Guiding Principles for Biomedical Research Involving

Animals. All procedures employed in this study were approved by

Kyoto University Animal Experimentation Committee (Permit Num-

ber: Med Kyo 14332).

Additional details for methods sections are provided in the Supple-

mentary Information.

3 RESULTS

3.1 Redundant roles of RUNX family members in
NFATC2 expression of T cells

Wefirst investigatedwhetherRUNX family regulatesNFATC2 in T cells.

From public chromatin immunoprecipitation sequencing (ChIP-seq)

data in activated mouse CD4 T cell, RUNX1 binds to promotor region

of IL2, IFNG, TNF and CSF2 within islands of active chromatin mark by

H3K4 methylation and H3K27 acetylation (Figure S1A). Also, RUNX1

binds to NFATC2 promotor region in CD4 T cell of mouse and human,

and Jurkat T cell acute lymphoblastic leukemia cell line (Figure 1A).

Since it has been shown that RUNX family members have redundant

functions, next, we looked at the association between the whole RUNX

family and NFATC2 expression. Clustering of RUNX1, RUNX2, RUNX3

and NFATC2 gene expression data from published data of human

CD4 T-cells confirmed a cluster of RUNX-family-high andNFATC2-high

F IGURE 1 RUNX family-dependent expression ofNFATC2 in human T cells. (A) IGV snapshots showing the alignment data (BigWig orWig
format) around theNFATC2 gene loci for RUNX1, H3K4me2, H3K4me3, andH3K27ac ChIP-seq experiments in primary human CD4 Tcell and
Jurkat T cell. Red arrow indicates a region of active chromatin mark in supporting gene activation. (B) Hierarchical clustering with heat map of
human CD4 T cell samples (n= 376) based on RUN1, RUNX2, RUNX3 andNFATC2 gene expression data. (C) Scatter plots showing the correlation of
gene expression between RUNX family genes andNFATC2 in humanCD4 T cell samples. p-values were calculated by Spearman’s correlation. (D and
E) Luciferase reporter assay withNFATC2 promoter. (D) HEK293T cells were stably transducedwith the lentivirus expressing RUNX1, RUNX2 or
RUNX3, and (E) Jurkat cells were stably transducedwith the lentivirus expressing shPanRUNX, together with the reporter vector expressing
luciferase gene underNFATC2 promoter. Cells were incubated with 3 μMdoxycycline (Dox+) or the equivalent amount of DMSO (Dox-) for
48 hours, then the luciferase activity wasmonitored by a luminometer. Result was normalized to that of the control sample (n= 3). Error bars
indicate themean± standard error (SE) *p< 0.05, **p< 0.01 by two-tailed Student’s t-test
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452 KUBOTA ET AL.

F IGURE 2 RUNX family knockdown reduces the expression ofNFATC2 and cytokine genes. (A) Down-regulation ofNFATC2 expression upon
RUNX inhibition. Jurkat cells were transducedwith control (shLuc) or with RUNX shRNAs (shRUNX1_1, shRUNX1_2, shRUNX2, shRUNX3 and
shPanRUNX) and cultured in the presence of 3μMdoxycycline. Twenty-four hours after treatment, cell lysates were processed for immunoblotting.
(B and C) RUNX andNFATC2-depletion-mediated repression of cytokine gene expression. (B) RUNX-depleted Jurkat cells were treated as in (A). (C)
Jurkat cells were transducedwithNFATC2 shRNAs (shNFATC2_1, shNFATC2_2 and shNFATC2_3) and cultured in the presence of 3 μMdoxycycline.
Twenty-four hours after treatment, cells were activated by 50 ng/ml PMA and 1 μM ionomycin. Twelve hours after treatment, total RNAwas
prepared and analyzed by real-time RT-PCR. Values were normalized to that of control vector-transduced cells (n= 3). (D) RestoringNFATC2
expression in RUNX-depleted Jurkat cells reverts RUNX-depletion-mediated inhibition of cytokine expression. Non-RUNX-depleted (shLuc) and
RUNX-depleted (shRUNX1_2 and shPanRUNX) Jurkat cells transducedwith (NFATC2) or without (Empty) lentivirus expressingNFATC2. Cells were
treated with 3 μMdoxycycline for 24 hours, then activated by 50 ng/ml PMA and 1 μM ionomycin. Twelve hours after treatment, total RNAwas
prepared and analyzed by real-time RT-PCR. Values were normalized to that of control vector-transduced cells (n= 3). Error bars indicate the
mean± standard error (SE) *p< 0.05, **p< 0.01, comparedwith the control by two-tailed Student’s t-test

expression (Figure 1B). We found a weak but significant correlation

between each RUNX family gene and NFATC2 gene expression respec-

tively (Figure 1C). Although not significant in RUNX2, reporter experi-

ments showed NFAT promoter including RUNX consensus binding site

(Figure S1B) increased its reporter activity by overexpression of each

RUNX family (Figures 1D and S2). In addition, shRNA knockdown tar-

geting the common region of RUNX family members (PanRUNX) of

Jurkat cells resulted in reduced reporter activity of the NFATC2 pro-

moter (Figure 1E). These results suggest RUNX family have redundant

roles in the expression ofNFATC2 in human T cells.

3.2 Targeting whole RUNX family reduces the
expression of NFATC2 and cytokine genes

To investigate whether RUNX is essential for the expression ofNFATC2

and cytokine genes,we silencedRUNXby shRNA-knockdownof Jurkat

cell line. RUNX1 and PanRUNX knockdown in Jurkat cells suppressed

the expression of NFATC2 at the mRNA and protein level in Jurkat

cells, most notably in PanRUNX knockdown. (Figures 2A and 2B). In

addition, PanRUNX knockdown reduced TNF the most. In contrast,

the knockdown of each single RUNX family members reduced IL2 and

CSF2 expression, suggesting that the inhibition of these cytokines by

RUNX inhibition can occur regardless of NFATC2 inhibition. Knock-

down of NFATC2 suppressed gene expression of IL2, IFNG and TNF in

Jurkat cells (Figures 2C and S3A). These were consistent with NFATC2

being a kye factor for cytokine expression in T cells. Restoring the

expression of NFATC2 in RUNX-knocked down Jurkat cells reverted

theRUNX-depletion-mediated cytokine inhibition (Figure 2D and S3B),

suggesting that RUNX family members are enhancing but dispensable

in initiating cytokine gene expression, which is consistent with previ-

ously reported results [33]. Taken together, these data collectively indi-

cated that RUNX family member positively regulates Th1-associated
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KUBOTA ET AL. 453

cytokine genes and CSF2 expression through both enhancing cytokine

genes and directly transactivatingNFATC2 expressions, supporting the

potential of targeting all RUNX families as a strategy to reduce T cell

activation.

3.3 RUNX inhibitor Chb-M’ suppresses effector
T cell response

We have previously reported a potent RUNX inhibitor Chb-M’ (Fig-

ure S4A) and its efficacy in suppressing RUNX-mediated gene expres-

sion [27]. In this study, we examinedwhether its RUNX inhibiting effect

is applicable for suppression of effector T cell response through target-

ing the RUNX-NFATC2 axis. First, we first investigated whether Chb-M’

inhibits T-cell receptor (TCR)-dependent T cell proliferation. Chb-M’

inhibited OKT3-stimulated TCR-dependent proliferation and further

reduced the percentage of CD4 in human PBMCs (Figure 3A). Through

this we examined that, while Chb-M’ showed significant T cell inhibit-

ing effects on Jurkat cells, chlorambucil (Chb) itself or Chb-conjugated

PI polyamides that target scrambled DNA sequence (5′-WGGCCW-

3′; Chb-S, Figure S4B) were ineffective against these cells. In addition,
Chb-M’ had no effect on the viability of the T cells themselves or the

CD4 toCD8 ratio (Figure 3B). In addition, Chb-M’ significantly reduced

cytokine genes and NFATC2 mRNA expression in human T cells acti-

vated by PMA and ionomycin or OKT3-induced stimulation (Figures

3C, 3D and S5), and reduced NFATC2 expression at protein level in

Jurkat cells (Figure 3E) compared to the DMSO control.

Next, for the study of alloreactive T-cell response, we performed

mixed lymphocyte reaction by mixing human PBMCs from different

donors and [3H] thymidine uptake assay. Compared to control, Chb-M’

significantly reduced alloreactive T cell proliferation (Figure 3F). These

data collectively indicate that RUNX inhibition by Chb-M’ could be a

novel therapeutic strategy for suppressing effector T cell response.

3.4 Chb-M’ ameliorates xenogeneic GVHD

Finally, we examined in vivo effect of Chb-M’ for xenogeneic GVHD

mouse model by transplanting human PBMC onto immunodeficient

NOG mice. Compared to control, mice injected by Chb-M’ showed

almost no sign of GVHD assessed by clinical score (Figures 4A, 4B and

S6). Lung and liver pathology of Chb-M’-injected mice showed that

reduced human T cell infiltration and less pathogenic GVHD findings

such as inflammation, pneumonitis and bile duct injury, compared to

control group (Figures 4C and 4D). By analysing peripheral blood of

GVHD mice, we found decreased T cell proliferation, especially CD4

T cell in Chb-M’ injected mice (Figures 5A-5C). Levels of TNF-α and

GM-CSF, cytokines critically involved in GVHD pathology, were signif-

icantly reduced in the plasma of mice treated with Chb-M’ compared

with DMSO-treated mice (Figures 5D, 5E and S7). These data collec-

tively indicate that RUNX inhibition by Chb-M’ could be a novel thera-

peutic strategy in GVHD.

4 DISCUSSION

Here, we demonstrate that inhibition of whole RUNX family sup-

pressesNFATC2 expression in humanT cells, inhibits T cell proliferation

and cytokine production, and the suppression of xenogeneic-GVHD by

RUNX inhibitor, Chb-M’.

The important role thatRUNXplays inT cell differentiationhasbeen

widely studied, but regulation ofNFATC2 expression by RUNX family in

human T cells has been poorly studied to date. Although we presented

data for public Chip-seq data of only RUNX1 (Figure 1A), RUNX2

and RUNX3 can also bind to the same site because all RUNX family

members share the RUNX-binding consensus sequences 5′-TGTGGT-
3′ or 5′-TGCGGT-3′. In addition, not only RUNX1, but also RUNX2 and

RUNX3 showed a correlation between NFATC2 and their gene expres-

sion levels in human CD4 T cells (Figures 1B and 1C), and reporter

experiments showed thatRUNX1-3 increases the transcriptional activ-

ity of NFATC2, respectively (Figure 1D), indicating that RUNX1-3 have

redundant roles in the gene expression activity of NFATC2. Consistent

with this, in knockdown experiments in Jurkat cells, PanRUNX knock-

down reduced NFATC2 expression the most than knockdown of each

RUNX family alone (Figures 2A and 2B). Regarding the role of RUNX

in gene expressions in activated naïve T cells, binding of RUNX1 to the

enhancer is dependent upon prior induction of NFAT and AP-1 [34,35].

Indeed, knockdown of each RUNX family alone, even without suppres-

sion of NFATC2 expression, could decrease in IL2 and CSF2 cytokines

expression (Figures 2B).Otherwise, suppression ofTNF expressionwas

most evident with PanRUNX knockdown possibly through suppression

of NFATC2 [36]. Considering the transactivation activity of RUNX fam-

ilymembers inboth cytokine genes andNFATC2, targetingwholeRUNX

family could be a strategy to suppress T cell activation rather more

strongly than targeting either each singleRUNXprotein orNFATalone.

Although the Th1 cell-associated cytokines IFN-γ, IL-2 and TNF-α
have been implicated in the pathophysiology of acute GVHD, some

studies have reported the opposite effects. This included their func-

tional role in regulatory T cells (Treg) [37–40], and therapeutic opti-

mization in targeting these cytokines is a challenge that requires fur-

ther efforts. Among GVHD-associated cytokines, GM-CSF blockade

may be an attractive target candidate to prevent aGVHD [15–17]. The

evidence for the regulation of CSF2 gene expression by RUNX [23] and

NFAT [41] has been established. Although the effects on the recruit-

ment and activation of donor-derived monocytes and dendritic cells,

which are important in GVHD exacerbations [17], have not been ana-

lyzed, we have shown that Chb-M’ decreased the production of GM-

CSF expression in both in vitro experiments using primary human T

cells and in an in vivomodel of xenogeneic-GVHD. Thus, while blocking

therapy against GM-CSF is being tested in clinical trials as a promising

treatment for various inflammatory diseases [42,43], our Chb-M’ may

be one of the candidate drugs to target GM-CSF.

In the vivo models that use our xenogeneic GVHD model in which

human peripheral human T cells were injected into NOG mice, we

showed that RUNX family inhibition by Chb-M’ inhibited T cell prolif-

eration and GVHD phenomenon (Figures 4 and 5). Since RUNX1 and
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454 KUBOTA ET AL.

F IGURE 3 RUNX inhibitor, Chb-M’, suppresses T-cell proliferation and reduces the expression ofNFATC2 and cytokine genes. (A) Effect of
Chb-M’ on human T cell proliferation with OKT3-mediated TCR activation. Human PBMCs (1.0×106 /ml) were cultured with OKT3-coated plate
and 100U/ml rIL2, and treated with 1μMChb,1 μMChb-S, 1μMChb-M’ or the equivalent amount of DMSO. Four days after treatment, the viable
CD3-positive T cell number was counted by trypan blue staining, and the percentage of CD4-positive T cells were analyzed by flow cytometry
(n= 3). (B) Effect of Chb-M’ on human T cell itself in cell viability and CD4 to CD8 ratio. Human PBMCs (2.0×106 /ml) were treated with 1μM
Chb-M’ or the equivalent amount of DMSO. The viable total cell number was counted by trypan blue staining at 24, 48 and 72 hours after
treatment, and the percentage of CD3, CD4 and CD8-positive T cells were analyzed by flow cytometry at 48 hours after treatment (n= 3). (C and
D) Effect of Chb-M’ on cytokine genes andNFATC2mRNA expression. Human PBMCswere treated with 1μMChb,1 μMChb-S, 1μMChb-M’ or the
equivalent amount of DMSO. (C) Six hours after treatment, cells were activated by 50 ng/ml PMA and 1 μM ionomycin, and total RNAwas
prepared four hours after activation. (D) Simultaneously with treatment, cells were stimulated with OKT3-coated plates, and total RNAwas
prepared twenty-four hours after activation. Total RNAwas analyzed by real-time RT-PCR for IL2, TNF, IFNG andNFATC2 in (C) and CSF2 and
IL17A gene expression in (D). Values were normalized to that of control vector-transduced cells (n= 3). (E) Effect of Chb-M’ on NFATC2
expression. Jurkat cells were treated with 1 or 2 μMChb-M′ for 24 and 48 h, and then cell lysates were prepared and immunoblotted. Error bars
indicate themean± standard error (SE) *p< 0.05, **p< 0.01 comparedwith the control (DMSO) by two-tailed Student’s t-test. (F) Dose-response
curves of Chb, Chb-S and Chb-M’ in mixed lymphocyte reaction of human peripheral bloodmononuclear cells. Cells were treated with the
indicated concentrations of PI polyamides or Chb. Six days after treatment, cell proliferation was assayed by [3H] thymidine uptake assay. (n= 3).
The table shows IC50 values of Chb, Chb-S and Chb-M’
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KUBOTA ET AL. 455

F IGURE 4 Chb-M′ suppresses xenogeneic graft-versus-host disease. (A) The pictures of NOGmice transplanted with human peripheral blood
mononuclear cells (PBMCs) 7 weeks after cell transplantation. Mice were treated with Chb-M’ (320 μg/kg bodyweight, twice per week
intravenous injections) or with the equivalent amount of either Chb, Chb-S or DMSO twice a week from day0. (B) Clinical GVHD score changes of
NOGmice after transplantation of human PBMCs treated with DMSO (n= 4), Chb (n= 3), Chb-S (n= 5) and Chb-M’ (n= 8). (C)
Immunohistochemistry in organs from xenogeneic GVHD-inducedmice. Livers and lungs were obtained 7weeks after transplantation. The
sections were stainedwith hematoxylin and eosin (HE), and anti-human CD3 antibody. 3,3-diamino-benzidine (DAB) substrate was used for color
development. Scale bars: 100 μm. (D and E) Pathological GVHD score of (D) luns and (E) livers in xenogeneic-GVHD inducedNOGmice treated
with DMSO (n= 3), Chb (n= 3), Chb-S (n= 5) and Chb-M’ (n= 7). Error bars indicate themean± standard error (SE). *p< 0.05, **p< 0.01, one-way
analysis of variance, followed by the Tukey post hoc test

RUNX3 are play important roles in multiple stages of T-cell devel-

opment, targeting RUNX family may have various effects on T cell

differentiation and effecter function in vivo. Previous reports have

shown that in vivo analysis the Runx1 or Runx3 knockout mouse model

is known to result in over-immunity rather than suppression of the

immune system. Deletion of Runx1 in naive CD4+ T cells caused

spontaneous cellular activation and cytokine production that even-

tually led to a catastrophic autoimmune inflammatory disease [44].

Besides, Runx3 knockout mice spontaneously develop inflammatory

bowel diseasewith enhancedexpressionof bothTh1andTh2 signature
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456 KUBOTA ET AL.

F IGURE 5 Chb-M′ suppresses T cell proliferation and cytokine expression in vivo. Blood samples were collected from xenogeneic-GVHD
induced NOGmice treated with DMSO, Chb, Chb-S and Chb-M’ at week 4 after transplantation. (A) Flow cytometric data of PBMCs from each
mouse. Peripheral bloodmononuclear cells were stainedwith anti-human CD45, CD3, CD4 and CD8 antibodies. (B) The ratio of CD4 to CD8
human T cells and (C) the number of human CD3 T cells of peripheral blood samples in each group of mice. Box plots in (B and C) show, median,
quartiles (boxes), and range (whiskers). *p< 0.05, Kruskal–Wallis test, followed by Steel–Dwass multiple comparison. (D and E) Human (D) TNF-α
and (E) GM-CSF cytokine concentrations of peripheral blood plasma from xenogeneic-GVHDmice at week 4 after transplantation (n= 5mice per
group). Error bars indicate themean± standard error (SE). *p< 0.05, **p< 0.01, one-way analysis of variance, followed by the Tukey post hoc test

cytokines [45]. A possible reason for the discrepancy between these

reports and our results may be that there is compensation by other

RUNX families in a single Runx knockout model. Thus, we would like to

emphasize that targeting all RUNX family can be effective in reducing

suppressing effector T cell activation. We acknowledge that targeting

whole RUNX family may also have a negative effect on T cell differen-

tiation in humans, considering that mature thymocyte were virtually

absent by reducing core-binding factor β levels in mice, in which the

activity of all three Runx proteins should be affected [46]. This is espe-

cially important in the context of HSCT, where there is a concern that

T-cell differentiation of transplanted donor cells in the thymus may be

inhibited, so Chb-M’ may be better selected as an additional treatment

for SR-GVHD than for GVHD prophylaxis. And, in settings other than

HSCT, it could be applied to diseases involving T cell activation such as

autoimmune diseases.

We acknowledge that the study has several limitations. First, we

only analyzed the effect of Chb-M’ on GVHD and not the graft-versus-

leukemia (GVL) effect. The challenge in the current era is to pre-

vent GVHD while sparing GVL effect. Donor CD8 T cells play a dom-

inant role in mediating the GVL effect via cytotoxic T lymphocyte

activity [47]. An essential role of Runx3 in cytotoxic function in acti-

vated mature CD8 T cells has been suggested by studies using Runx3-

deficient mice CD8+ T cells in vitro [48] and in vivo [49]. Thus, the

therapeutic effect of GVHD with Chb-M’ may also be accompanied by
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suppression ofGVL resulting in the risk of relapse ofmalignant disease.

However, this may be offset by the antineoplastic effect of Chb-M’

depending on the type of malignant disease [27]. Secondly, despite the

fact that RUNX1 is an interacting transcriptional partner for FOXP3

[21] and also regulates the expression of FOXP3 in Tregs [50], we did

not examine the effect of Chb-M’ on Tregs, which are critical mediators

of immune tolerance after allogenic HSCT. Although it is possible that

Chb-M’ may cause suppression of regulatory T cell production as well

as conventional T cells, one strategy may be to combine low-dose IL2

treatment with Chb-M’, which has been used in recent years to restore

Treg in clinical practice [37]. The effect of Chb-M’ onGVL andTregswill

be the subject of further studies.

In conclusion, we have shown that targeting thewhole RUNX family

suppresses NFATC2 expression and various cytokine gene expressions

in T cells. Considering Chb-M’ is expected to have therapeutic effects

through a mechanism different from other existing GVHD drugs, the

first priority is to test whether it is effective as an additional treat-

ment for refractory GVHD in the clinical settings. Further studies are

awaited to validate this new strategy against GVHD.

ACKNOWLEDGEMENTS

This research was supported by the Platform Project for Support-

ing Drug Discovery and Life Science Research (Basis for Support-

ing Innovative Drug Discovery and Life Science Research (BINDS)),

Basic Science and Platform Technology Program for Innovative Bio-

logical Medicine from the Japan Agency for Medical Research and

Development (AMED), Grant from International Joint Usage/Research

Center, the Institute of Medical Science, the University of Tokyo,

and a Grant-in-Aid for Scientific Research (KAKENHI); 17H03597

and 16K14632. We would like to thank Dr. H. Miyoshi (RIKEN BRC)

for kindly providing the lentivirus vector encoding CSIV-TRE-RfA-

UbC-KT.

CONFLICT OF INTEREST

The authors have no conflicting financial interests.

AUTHORS CONTRIBUTIONS

Hirohito Kubota performed experiments, analyzed data and wrote the

manuscript. TatsuyaMasuda, Mina Noura,Kana Furuichi andMasahiro

Hirata performed experiments and analyzed data. Hidefumi Hira-

matsu, Takahiro Yasumi, Tatsutoshi Nakahata, Yoichi Imai, Junko Takita

and Souichi Adachi participated in discussions and the interpretation

of data and results and commented on the research direction. Hiroshi

Sugiyama synthesized and designed the PI polyamides. Yasuhiko

Kamikubo designed and initiated the study, supervised research, and

gave the final approval for submission.

ORCID

HirohitoKubota https://orcid.org/0000-0002-7578-006X

TakahiroYasumi https://orcid.org/0000-0003-3257-5071

YasuhikoKamikubo https://orcid.org/0000-0003-2761-8508

REFERENCES

1. Zeiser R, Blazar BR. Acute graft-versus-host disease — biologic pro-

cess, prevention, and therapy. N Engl JMed. 2017;377(22):2167–79.

2. ZeiserR, vonBubnoffN, Butler J,MohtyM,NiederwieserD,OrR, et al.

Ruxolitinib for glucocorticoid-refractory acute graft-versus-host dis-

ease. N Engl JMed. 2020;382(19):1800–10.

3. Malard F, Huang XJ, Sim JPY. Treatment and unmet needs in

steroid-refractory acute graft-versus-host disease. Leukemia [Inter-

net]. 2020;34(5):1229–40.

4. Hill GR, KoyamaM.Cytokines and costimulation in acute graft-versus-

host disease. Blood. 2020;136(4):418–28.

5. Macian F. NFAT proteins: Key regulators of T-cell development and

function. Nat Rev Immunol. 2005;5(6):472–84.

6. Lee JU, Kim LK, Choi JM. Revisiting the concept of targeting NFAT

to control T cell immunity and autoimmune diseases. Front Immunol.

2018;9(NOV):7–11.

7. Vaeth M, Bäuerlein CA, Pusch T, Findeis J, Chopra M, Mottok A, et al.

Selective NFAT targeting in T cells ameliorates GvHD while maintain-

ing antitumor activity. ProcNatl AcadSciUSA. 2015;112(4):1125–30.

8. Clipstone NA, Crabtree GR. Identification of calcineurin as a key

signalling enzyme in T-lymphocyte activation. Nature [Internet].

1992;357(6380):695–7.

9. Mognol GP, González-Avalos E, Ghosh S, Spreafico R, Gudlur A,

Rao A, et al. Targeting the NFAT:AP-1 transcriptional complex on

DNA with a small-molecule inhibitor. Proc Natl Acad Sci U S A.

2019;116(20):9959–68.

10. Henden AS, Hill GR, Henden AS, Hill GR. Cytokines in Graft-versus-

Host Disease. J Immunol. 2015;4604–12.

11. Yi T, Chen Y, Wang L, Du G, Huang D, Zhao D, et al. Reciprocal differ-

entiation and tissue-specific pathogenesis of Th1, Th2, and Th17 cells

in graft-versus-host disease. Blood. 2009;114(14):3101–12.

12. Hill G, Ferrara J. The primacy of the gastrointestinal tract as a targer

organ of acute graft-versus-host disease. Blood. 2000;95(9):2754–9.

13. Hamilton JA. Colony-stimulating factors in inflammation and autoim-

munity. Nat Rev Immunol. 2008;8(7):533–44.

14. Becher B, Tugues S, Greter M. GM-CSF: From growth factor

to central mediator of tissue inflammation. Immunity [Internet].

2016;45(5):963–73.

15. Tugues S, AmorimA, Spath S,Martin-Blondel G, Schreiner B, De FeoD,

et al. Graft-versus-host disease, but not graft-versus-leukemia immu-

nity, is mediated by GM-CSF-licensed myeloid cells. Sci Transl Med.

2018;10(469):eaat8410.

16. Ullrich E, Abendroth B, Rothamer J, Huber C, Büttner-Herold M,

Buchele V, et al. BATF-dependent IL-7RhiGM-CSF+ T cells control

intestinal graft-versus-host disease. J Clin Invest. 2018;128(3):916–

30.

17. Piper C, Zhou V, Komorowski R, Szabo A, Vincent B, Serody J,

et al. Pathogenic Bhlhe40+ GM-CSF+ CD4+ T cells promote indi-

rect alloantigen presentation in the GI tract during GVHD. Blood.

2020;135(8):568–81.

18. Kumar S, Mohammadpour H, Cao X. Targeting cytokines in GVHD

therapy. J Immunol Res Ther. 2017;2(1):90–9.

19. Yan J, Liu Y, Lukasik SM, Speck NA, Bushweller JH. CBFβ allosterically
regulates the Runx1 Runt domain via a dynamic conformational equi-

librium. Nat StructMol Biol. 2004;11(9):901–6.

20. Collins A, Littman DR, Taniuchi I. RUNX proteins in transcription fac-

tor networks that regulate T-cell lineage choice. Nat Rev Immunol.

2009;9(2):106–15.

21. Ono M, Yaguchi H, Ohkura N, Kitabayashi I, Nagamura Y, Nomura

T, et al. Foxp3 controls regulatory T-cell function by interacting with

AML1/Runx1. Nature. 2007;446(7136):685–9.

22. Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, Ansel KM.

Transcription factors T-bet and Runx3 cooperate to activate Ifng and

silence Il4 in T helper type 1 cells (Nature Immunology). Nat Immunol.

2007;8(2):145–53.

 26886146, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jha2.230 by K

yoto U
niversity, W

iley O
nline L

ibrary on [19/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
A Self-archived copy in

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

https://orcid.org/0000-0002-7578-006X
https://orcid.org/0000-0002-7578-006X
https://orcid.org/0000-0003-3257-5071
https://orcid.org/0000-0003-3257-5071
https://orcid.org/0000-0003-2761-8508
https://orcid.org/0000-0003-2761-8508


458 KUBOTA ET AL.

23. Cockerill PN, Osborne CS, Bert AG, Grotto RJM. Regulation of GM-

CSF gene transcription by core-binding factor. Cell Growth Differ.

1996;7(7):917–22.

24. HuH,Djuretic I, SundrudMS,RaoA.Transcriptional partners in regula-

tory T cells: Foxp3, Runx andNFAT. Trends Immunol. 2007;28(8):329–

32.

25. Gabriel CH, Gross F, Karl M, Stephanowitz H, Hennig AF, Weber M,

et al. Identification of novel nuclear factor of activated T cell (NFAT)-

associated proteins in T cells. J Biol Chem. 2016;291(46):24172–87.

26. Thirunavukkarasu K, Pei Y, Moore TL, Wei T, Wang H, Chandrasekhar

S. Regulation of NFATc2 gene expression by the transcription factor

Runx2.Mol Biol Rep. 2007;34(1):1–10.

27. Morita K, Suzuki K, Maeda S, Matsuo A, Mitsuda Y, Tokushige C, et al.

Genetic regulation of the RUNX transcription factor family has antitu-

mor effects. J Clin Invest. 2017;127(7):2815–28.

28. Maeda R, Sato S, Obata S, Ohno T, Hashiya K, Bando T, et al. Molec-

ular characteristics of DNA-alkylating PI polyamides targeting RUNX

transcription factors. J AmChem Soc. 2019;141(10):4257–63.

29. Kamikubo Y. Genetic compensation of RUNX family transcription fac-

tors in leukemia. Cancer Sci. 2018;109(8):2358–63.

30. Naserian S, Leclerc M, Thiolat A, Pilon C, Le Bret C, Belkacemi Y, et al.

Simple, reproducible, and efficient clinical grading system for murine

models of acute graft-versus-host disease. Front Immunol. 2018;9:10.

31. Cooke KR, Kobzik L, Martin TR, Brewer J, Delmonte JJ, Crawford JM,

et al. An experimental model of idiopathic pneumonia syndrome after

bone marrow transplantation: I. The roles of minor H antigens and

endotoxin. Blood. 1996;88(8):3230–9.

32. KaplanDH, AndersonBE,McNiff JM, JainD, ShlomchikMJ, Shlomchik

WD. Target antigens determine graft-versus-host disease phenotype.

J Immunol. 2004;173(9):5467–75.

33. Ono M. Control of regulatory T-cell differentiation and function by

T-cell receptor signalling and Foxp3 transcription factor complexes.

Immunology. 2020;160(1):24–37.

34. Bowers SR, Calero-Nieto FJ, Valeaux S, Fernandez-Fuentes N, Cock-

erill PN. Runx1 binds as a dimeric complex to overlapping Runx1 sites

within a palindromic element in the humanGM-CSF enhancer. Nucleic

Acids Res. 2010;38(18):6124–34.

35. Bevington SL, Cauchy P, Piper J, Bertrand E, Lalli N, Jarvis RC, et al.

Inducible chromatin priming is associated with the establishment of

immunological memory in T cells. EMBO J. 2016;35(5):515–35.

36. KaminumaO, Kitamura F, KitamuraN, Hiroi T,Miyoshi H,Miyawaki A,

et al. Differential contribution of NFATc2 and NFATc1 to TNF-α gene

expression in T cells. J Immunol. 2008;180(1):319–26.

37. Matsuoka KI, Koreth J, Kim HT, Bascug G, McDonough S, Kawano Y,

et al. Low-dose interleukin-2 therapy restores regulatory T cell home-

ostasis in patients with chronic graft-versus-host disease. Sci Transl

Med. 2013;5(179):179ra43.

38. Burman AC, Banovic T, Kuns RD, Clouston AD, Stanley AC, Morris

ES, et al. IFNγ differentially controls the development of idiopathic

pneumonia syndrome and GVHD of the gastrointestinal tract. Blood.

2007;110(3):1064–72.

39. Pierini A, Strober W, Moffett C, Baker J, Nishikii H, Alvarez M,

et al. TNF-α priming enhances CD4+FoxP3+ regulatory T-cell sup-

pressive function in murine GVHD prevention and treatment. Blood.

2016;128(6):866–71.

40. Koreth J, Matsuoka K, Kim HT, McDonough SM, Bindra B, Alyea EP,

3rd, et al. Interleukin-2 and regulatory T cells in graft-versus-host dis-

ease. N Engl JMed. 2011;365(22):2055–66.

41. JohnsonBV., BertAG,RyanGR,CondinaA,Cockerill PN.Granulocyte-

macrophage colony-stimulating factor enhancer activation requires

cooperation between NFAT and AP-1 elements and is associ-

ated with extensive nucleosome reorganization. Mol Cell Biol.

2004;24(18):7914–30.

42. Buckley CD, Simón-Campos JA, Zhdan V, Becker B, Davy K, Fisheleva

E, et al. Efficacy, patient-reported outcomes, and safety of the anti-

granulocyte macrophage colony-stimulating factor antibody otilimab

(GSK3196165) in patients with rheumatoid arthritis: a randomised,

phase 2b, dose-ranging study. Lancet Rheumatol. 2020;2(11):e677–

88.

43. Mehta P, Porter JC, Manson JJ, Isaacs JD, Openshaw PJM, McInnes

IB, et al. Therapeutic blockade of granulocyte macrophage colony-

stimulating factor in COVID-19-associated hyperinflammation:

challenges and opportunities. Lancet Respir Med. 2020;8(8):

822–30.

44. Wong WF, Kohu K, Nakamura A, Ebina M, Kikuchi T, Tazawa R, et al.

Runx1 deficiency in CD4 + T cells causes fatal autoimmune inflam-

matory lung disease due to spontaneous hyperactivation of cells. J

Immunol. 2012;188(11):5408–20.

45. Brenner O, Levanon D, Negreanu V, Golubkov O, Fainaru O, Woolf E,

et al. Loss of Runx3 function in leukocytes is associated with sponta-

neously developed colitis and gastric mucosal hyperplasia. Proc Natl

Acad Sci U S A. 2004;101(45):16016–21.

46. Talebian L, Li Z, Guo Y, Gaudet J, Speck ME, Sugiyama D, et al. T-

lymphoid, megakaryocyte, and granulocyte development are sensitive

to decreases in CBFβ dosage. Blood. 2007;109(1):11–21.
47. Weiss L, Lubin I, Factorowich I, Lapidot Z, Reich S, Reisner Y, et al.

Effective graft-versus-leukemia effects independent of graft-versus-

host disease afterT cell-depletedallogeneic bonemarrow transplanta-

tion in a murine model of B cell leukemia/lymphoma. Role of cell ther-

apy and recombinant IL-2. J Immunol [Internet]. 1994;153(6):2562

LP–2567.

48. Cruz-Guilloty F, Pipkin ME, Djuretic IM, Levanon D, Lotem J, Lichten-

held MG, et al. Runx3 and T-box proteins cooperate to establish the

transcriptional program of effector CTLs. J ExpMed. 2009;206(1):51–

9.

49. Shan Q, Zeng Z, Xing S, Li F, Hartwig SM, Gullicksrud JA, et al. The

transcription factor Runx3 guards cytotoxic CD8 + effector T cells

against deviation towards follicular helper T cell lineage. Nat Immunol.

2017;18(8):931–9.

50. Kitoh A, Ono M, Naoe Y, Ohkura N, Yamaguchi T, Yaguchi H, et al.

Indispensable role of the Runx1-Cbfβ transcription complex for in

vivo-suppressive function of FoxP3+ regulatory T cells. Immunity.

2009;31(4):609–20.

SUPPORTING INFORMATION

Additional supporting informationmay be found online in the Support-

ing Information section at the end of the article.

How to cite this article: Kubota H,Masuda T, NouraM,

Furuichi K,Matsuo H, HirataM, et al. RUNX inhibitor

suppresses graft-versus-host disease through targeting

RUNX-NFATC2 axis. eJHaem. 2021;2:449–458.

https://doi.org/10.1002/jha2.230

 26886146, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jha2.230 by K

yoto U
niversity, W

iley O
nline L

ibrary on [19/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
A Self-archived copy in

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1002/jha2.230

	RUNX inhibitor suppresses graft-versus-host disease through targeting RUNX-NFATC2 axis
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Cell cultures and reagents
	2.2 | Xenogeneic GVHD model
	2.3 | Study approval

	3 | RESULTS
	3.1 | Redundant roles of RUNX family members in NFATC2 expression of T cells
	3.2 | Targeting whole RUNX family reduces the expression of NFATC2 and cytokine genes
	3.3 | RUNX inhibitor Chb-M’ suppresses effector T cell response
	3.4 | Chb-M’ ameliorates xenogeneic GVHD

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHORS CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




