
1insight.jci.org   https://doi.org/10.1172/jci.insight.137788

R E S E A R C H  A R T I C L E

Conflict of interest: PM has received 
honoraria from and participated in 
advisory boards related to multiple 
myeloma treatment from Bristol 
Myers Squibb, Bluebird, Celgene, 
Janssen, Juno Karyopharm, and 
Takeda.

Copyright: © 2020, American Society 
for Clinical Investigation.

Submitted: March 5, 2020 
Accepted: May 13, 2020 
Published: June 18, 2020.

Reference information: JCI Insight. 
2020;5(12):e137788. 
https://doi.org/10.1172/jci.
insight.137788.

β2-Adrenergic receptor activation on 
donor cells ameliorates acute GvHD
Hemn Mohammadpour,1 Joseph L. Sarow,1 Cameron R. MacDonald,1 George L. Chen,2 Jingxin Qiu,3 
Umesh C. Sharma,4 Xuefang Cao,5 Megan M. Herr,2 Theresa E. Hahn,2 Bruce R. Blazar,6  
Elizabeth A. Repasky,1 and Philip L. McCarthy2

1Departments of Immunology, 2Medicine, Transplant and Cellular Therapy Program, and 3Pathology, Roswell Park 

Comprehensive Cancer Center, Buffalo, New York, USA. 4Department of Medicine, Jacobs School of Medicine & Biomedical 

Sciences, Buffalo, New York, USA. 5Department of Microbiology and Immunology, Marlene and Stewart Greenebaum 

Comprehensive Cancer Center, University of Maryland, Baltimore, Maryland, USA. 6Department of Pediatrics, Division of 

Blood and Marrow Transplantation, University of Minnesota, Minneapolis, Minnesota, USA.

Introduction
Allogeneic hematopoietic cell transplant (allo-HCT) is a potentially curative intervention for patients 
with hematological malignancies due to eradication of  host malignant cells by donor T cells (the 
graft-versus-tumor; GvT) effect. Donor T cells may attack healthy tissues, typically skin, gastrointestinal 
(GI) tract, and liver, leading to graft-versus-host disease (GvHD). Acute or chronic GvHD can develop 
in 40%–60% of  patients, with a mortality rate of  about 20% (1–4). GvHD can be prevented or reduced by 
depleting donor T cells, but this can result in increased relapse (5). There is a continued need to under-
stand how to decrease acute GvHD (aGvHD) severity and mortality. In this study, we focused on study-
ing the potentially novel effect of  β2-adrenergic receptor (β2-AR) signaling on immune regulatory path-
ways during preclinical allo-HCT, with the goal of  mitigating aGvHD while preserving the GvT effect.

During aGvHD, distinct T cell subsets develop from naive T cells, including T helper 1 (Th1), Th17, and 
Tregs (6, 7). Th1/Th17 cytotoxic T cells can mediate tissue damage, especially in the liver and GI tract (4, 8, 
9). Th1 cells are critical for aGvHD pathology through the release of IFN-γ, although IFN-γ has been reported 
to be both detrimental and beneficial with tissue-dependent effects (10). IL-17A–producing Th17 cells cause 
aGvHD immunopathology during CD4+ T cell–mediated inflammation (11). However, cutaneous aGvHD 
is associated with expansion of tissue-localized Th1, not Th17 cells (12), and T cell RORγt expression (Th17 
transcription factor) exacerbates aGvHD (13, 14). Tregs ameliorate aGvHD severity (15–18), critical to the 
control of the immunopathology mediated by inflammatory T cells (19). There is an imbalance in inflamma-
tory T cells and Tregs in aGvHD target organs (18, 20).

We previously demonstrated, in a model of  adrenergic stress, that housing recipient allo-HCT mice 
in standard ambient temperatures (ST) (21) resulted in decreased aGvHD compared with mice housed at 

Acute graft versus host disease (aGvHD) remains a major impediment to successful allogeneic 
hematopoietic cell transplantation (allo-HCT). To solve this problem, a greater knowledge of factors 
that regulate the differentiation of donor T cells toward cytotoxic cells or Tregs is necessary. We 
report that the β2-adrenergic receptor (β2-AR) is critical for regulating this differentiation and 
that its manipulation can control aGvHD without impairing the graft-versus-tumor (GvT) effect. 
Donor T cell β2-AR expression and signaling is associated with decreased aGvHD when compared 
with recipients of β2-AR–/– donor T cells. We determined that β2-AR activation skewed CD4+ T 
cell differentiation in vitro and in vivo toward Tregs rather than the T helper 1 (Th1) phenotype. 
Treatment of allo-HCT recipients with a selective β2-agonist (bambuterol) ameliorated aGvHD 
severity. This was associated with increased Tregs, decreased cytotoxic T cells, and increased donor 
BM–derived myeloid-derived suppressor cells (MDSCs) in allogeneic and humanized xenogeneic 
aGvHD models. β2-AR signaling resulted in increased Treg generation through glycogen synthase 
kinase-3 activation. Bambuterol preserved the GvT effect by inducing NKG2D+ effector cells and 
central memory T cells. These data reveal how β-AR signaling can be targeted to ameliorate GvHD 
severity while preserving GvT effect.
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warmer, thermoneutral temperature (TT). Housing mice at TT substantially reduces norepinephrine and 
β-AR signaling on immune cells (22). Treatment of  allo-HCT mice housed at ST with the pan–beta blocker 
propranolol increased aGvHD severity, indicating that β-AR signaling is protective against aGvHD (22). 
Furthermore, we demonstrated that blockade of  recipient β2-ARs enhanced the GvT effect by modulating 
antigen presenting cells (23). It was critical to continue to define the role of  T cell β2-AR signaling, especial-
ly CD4+ T cell differentiation. In addition, the detailed mechanisms of  β2-AR signaling and its downstream 
effects on immunomodulation after allo-HCT remained incompletely understood.

Adrenergic receptors (ARs) are G protein–coupled receptors, classified into 2 general classes: α-ARs 
and β-ARs. The α1-AR is primarily expressed on endothelial cells, and the α2-AR is more ubiquitously 
expressed. β1-ARs and β3-ARs are primarily expressed in cardiac and adipose tissues, respectively, while 
β2-ARs are extensively distributed especially in the respiratory tract (24, 25) and on immune cells (26, 
27). Emerging studies reinforce an inhibitory role of  β2-AR signaling on T cell function, especially CD8+ 
T cells, in preclinical and clinical tumor models (27, 28). The β2-AR is activated by catecholamines (nor-
epinephrine and epinephrine), released by the sympathetic nervous system (27, 29) and splenic tyrosine 
hydroxylase–expressing cells (30). This β2-AR–mediated regulation affects T cell antitumor functions (28), 
DC antigen presentation (23), B cell expression of  costimulatory molecules (31, 32), and myeloid-derived 
suppressor cell (MDSC) immunosuppression (26).

Thus, we focused on the role of  β2-AR signaling on immune cell development and pathways during 
aGvHD. We asked whether β2-AR expression by allogeneic donor T cells modulates aGvHD pathology 
and how this modulation occurs. Using major histocompatibility complex (MHC) and minor histocom-
patibility antigen (miHA) mismatched HCT murine models, and a humanized NOD-scid IL-2Rγ–/– (NSG) 
model of  aGvHD, we demonstrate that β2-AR expression by allogeneic T cells regulates the differentiation 
of  CD4+ T cells from Th1/Th17 to a Th2/Treg phenotype, ameliorating aGvHD without compromising 
GvT. These data lead us to propose that selective β2-AR agonists may serve as potential therapeutic agents 
to attenuate aGvHD while preserving the GvT effect.

Results
β2-ARs expressed by allogeneic donor T cells ameliorate aGvHD after allo-HCT. Our previous work demonstrated 
that housing mice at ST decreased aGvHD symptoms compared with housing mice at TT (22). This sug-
gested that β-AR signaling is important in aGvHD, but how this signaling modulates the allogenic T cell 
response after allo-HCT is not well characterized.

To understand the contribution of  β2-AR signaling during donor T cell–mediated aGvHD, we used 
models of  MHC and miHA-mismatched HCT. WT BALB/c mice (H-2kd) were lethally irradiated and 
given T cell–depleted BM (TCD-BM) from CD45.2+ WT C57BL/6 (B6) mice (H-2kb), with or without 
B6 T cells to induce aGvHD. Donor T cells from spleen and liver obtained at day 14 after allo-HCT were 
analyzed for β2-AR expression by flow cytometry. Donor CD4+ and CD8+ T cells significantly increased 
the expression of  β2-ARs in allo-HCT recipients, 14 days after transplant in spleen and liver; however, 
expression on resting naive T cells was low (Figure 1A and Supplemental Figure 1A; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.137788DS1). To better understand 
how β2-AR signaling modulates the severity of  aGvHD, lethally irradiated BALB/c (H-2kd) and C3H/SW 
(H-2kb) mice were given TCD-BM with or without B6 WT or β2-AR–/– T cells. β2-AR–/– T cells induced 
more severe aGvHD than WT T cells, as manifested by greater weight loss and decreased survival in major 
mismatch (B6→BALB/c) (Figure 1B) and miHA mismatch (B6→C3H/SW) (Figure 1C) transplants. To 
separate the β2-AR effects on CD4+ and CD8+ T cells during aGvHD, recipient BALB/c mice were inject-
ed with TCD-BM with or without CD4+ T cells from WT or β2-AR–/– mice. As compared with WT CD4+ T 
cells, β2-AR–/– CD4+ T cells significantly increased weight loss and mortality in BALB/c recipients (Figure 
1D). In all models, weight loss and diarrhea were the most prominent phenotype, especially in recipients 
transplanted with β2-AR–/– T cells. Histologic preparations of  the small and large intestine were examined 
to assess aGvHD pathology in a blinded fashion. β2-AR–/– T cells significantly increased the aGvHD score 
in small and large intestine compared with WT T cells (Supplemental Figure 2). These data suggest that 
β2-AR expression on T cells, especially CD4+ T cells, reduces aGvHD lethality.

T cell β2-AR expression alters CD4+ T cell differentiation after MHC-mismatched HCT. We next sought to 
investigate the mechanisms driving the suppressive function of  β2-AR signaling in T cells. Lethally irradi-
ated BALB/c recipients were transplanted with TCD-BM and T cells from B6 WT or β2-AR–/– donor mice. 
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WT or β2-AR–/– donor CD4+ and CD8+ T cells from day 14 splenocytes were isolated. Immune-related 
gene expression analyzed by mRNA microarray (nCounter Immunology Panel, NanoString) showed that 
β2-AR–/– CD4+ T cells express more Th1-related genes, including Tbx21, Irf8, Eomes, and Ifng, while WT 
CD4+ T cells express more Th2- and Treg-associated genes, including Foxp3, Socs3, TGFβ2, Il10, Ptgs5, and 

Figure 1. Expression of β2-ARs on T cells controls the severity and fatality of acute GvHD after allo-HCT. (A) β2-AR expression in WT or β2-AR–/– CD4+ T cells 
harvested from spleen and liver on day 14 after allogenic T cell infusion. CD4+ T cells were gated from single live H-2b+H-2d–CD45+CD3+ cells, demonstrating an 
increase in β2-AR expression in the allo CD4+ T cells. All recipients received 3.5 × 106 WT C57BL/6 TCD-BM with or without T cells. (B) Body weight and survival of 
lethally irradiated BALB/c mice after allo-HCT BM alone or with 0.7 × 106 WT C57BL/6 or β2-AR–/– pan–T cells. (C) Body weight and survival of lethally irradiated 
C3H/SW mice after allo-HCT with BM alone or with 1.5 × 106 WT C57BL/6 or β2-AR–/– pan–T cells. (D) Body weight and survival of lethally irradiated BALB/c mice 
after allo-HCT with BM alone or with 0.2 × 106 WT C57BL/6 or β2-AR–/– CD4+ T cells. All experiments demonstrated increased GvHD severity and mortality in 
the absence of the β2-AR on T cells. Data pooled from 2 individual experiments, each with n = 6-8 per group to obtain total of n = 12–16 per group in B–D. For 
comparison of survival curves, a log-rank (Mantel-Cox) test was used in B–D. Two-way ANOVA with Tukey’s multiple comparisons test was used for body weight 
difference in B–D. *P < 0.05, **P < 0.01. Body weight and survival data are shown as means ± SEM. Other data are presented as median ± min to max.
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Gata3 (Figure 2A). We also analyzed the gene expression of  β2-AR–/– and WT CD8+ T cells on day 14 after 
allo-HCT. β2-AR–/– CD8+ T cells express more cytotoxic genes, including Il17b, Tfrc, Icos, Tbx21, and Csf2, 
with decreased expression of  immunosuppressive genes, including Il10, Tgfβ3, and Foxp3 (Supplemental 
Figure 1B), confirming previous studies (28, 33). These data demonstrate that β2-AR signaling also sup-
presses the cytotoxic function of  CD8+ T cells.

To assess inflammatory cytokine production by β2-AR–/– CD4+ and CD8+ T cells, lethally irradi-
ated BALB/c recipients were transplanted with B6 TCD-BM and WT or β2-AR–/– T cells. Donor T 
cells were isolated from spleen and liver on days 7 and 14 and examined for transcription factor and 
cytokine expression levels. The increased percentages of  CD4+T-bet+, CD4+IFN-γ+, CD4+IL-17+, and 
CD4+T-bet+Rorγt+ in β2-AR–/– T cells compared with WT was associated with increased cytotoxicity 
and increased aGvHD severity (Figure 2, B and C). Conversely, CD4+Foxp-3+ and CD4+IL-10+ cells 
significantly increased in WT versus β2-AR–/– T cells after allo-HCT (Figure 2C). The percentage of  
CD8+T-bet+, CD8+IFN-γ+, and CD8+IL-17+ also increased in β2-AR–/– versus WT T cells, while the per-
centages of  CD8+Foxp-3+ and CD8+IL-10+ in β2-AR–/– CD8+ T cells were unaffected or decreased (Sup-
plemental Figure 1C). There were no significant differences in the naive T cell phenotype between WT 
and β2-AR–/– donor T cells (Supplemental Figure 3A). Naive T cell populations exhibited comparable 
T-bet, Foxp-3, and IFN-γ frequencies (Supplemental Figure 3A). We excluded the role of  β2-AR in the 
immunosuppressive function of  thymic-derived Tregs in donor mice by transplanting BALB/c mice with 
TCD-BM plus WT or β2-AR–/– CD4+CD25– T cells. β2-AR–/– CD4+CD25– T cells induced more severe 
aGvHD compared with WT (Supplemental Figure 3B).

We measured the plasma levels of  cytokines after allo-HCT to correlate with immune cell populations. 
Plasma IFN-γ on days 7 and 14 and IL-17 levels on day 7 increased significantly, while IL-4 and IL-10 
levels decreased significantly in recipients receiving β2-AR–/– T cells when compared with WT (Figure 2D). 
There were no differences in plasma GM-CSF, IL-2, IL-6, or TNF-α levels (Figure 2D and Supplemental 
Figure 3C), with IL-12 nondetectable. Thus, donor T cell β2-AR expression, especially on CD4+ T cells, 
after allo-HCT assumes a critical role in shifting the Th1/Th17:Th2/Treg balance toward the Th2/Treg 
phenotype, limiting cytotoxic T cell development.

The β2-AR agonist bambuterol suppresses the severity of  aGvHD. MHC (B6→BALB/c) and miHA 
(B6→C3H/SW) mismatched HCT models were used to determine whether β2-AR agonist treatment 
affected aGvHD severity and lethality. Lethally irradiated BALB/c and C3H/SW recipients were trans-
planted using B6 TCD-BM with or without WT T cells. Recipients received daily i.p. injections of  saline 
or bambuterol (1 mg/kg daily). Bambuterol is a prodrug of  the β2-AR selective agonist terbutaline, 
which is formed after enzymatic conversion by butyrylcholinesterase, an enzyme present in multiple 
tissues, including the intestine, serum, lungs, liver, and heart. Bambuterol was used because it is longer 
acting and has a superior side-effect profile compared with terbutaline. Injections continued for 30 days 
after allo-HCT, starting on day 0. Compared with saline-treated mice, bambuterol treatment significantly 
ameliorated aGvHD in the MHC (Figure 3A) and miHA (Figure 3B) mismatched models, as assessed 
by weight loss, clinical score, and survival. Donor T cells were isolated from spleen and liver at days 
7 and 14 after allo-HCT, and flow cytometric analysis of  transcription factor and cytokine expression 
in CD4+ and CD8+ T cells in bambuterol-treated mice showed significantly increased CD4+Foxp-3+ 
and CD4+IL-10+ and decreased CD4+T-bet+, CD4+IFN-γ+, and CD4+IL-17+ populations (Figure 3C). 
Bambuterol also significantly increased CD8+Foxp-3+ and CD8+IL-10+, while decreasing CD8+T-bet+, 
CD8+IFN-γ+, and CD8+IL-17+ populations (Supplemental Figure 4). To investigate whether bambuterol 
treatment had an adverse effect on cardiovascular function, heart rate (HR) and blood pressure (BP) were 
measured at expected peak bambuterol levels. There was no difference in BP and HR between treatment 
and control recipients (Supplemental Figure 5).

β2-AR activation stimulates Treg generation. Previous studies have shown that β2-AR signaling increases 
the immunosuppressive function of  Tregs (34, 35). Therefore, we focused on the role of  β2-AR in vitro in 
induced Treg (iTreg) generation and Th1 suppression. iTregs and Th1 cells were generated from naive T 
cells in vitro by culture in Treg media plus IL-2, TGF-β, and anti-CD28/CD3 stimulation for Tregs and 
with the IL-2 and IL-12 for Th1 cells. Sorted B6 CD4+ T cells were cultured in Treg media in the presence 
or absence of  terbutaline (the active bambuterol metabolite considering bambuterol requires in vivo metab-
olism to terbutaline). Terbutaline significantly increased iTregs, and this was reversible by treatment with 
the pan–β-AR antagonist propranolol (Figure 4A). Considering that previous reports have demonstrated 
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Figure 2. Expression of β2-ARs on T cells regulates the T cell phenotype during allogeneic responses. (A) Immune-related gene expression in WT or 
β2-AR–/– CD4+ T cells sorted from spleen at day 14 after allo-HCT in the B6→BALB/c model transplanted with 3.5 × 106 WT C57BL/6 TCD-BM alone or com-
bined with 0.7 × 106 WT C57BL/6 or β2-AR–/– pan–T cells using NanoString nCounter Immunology Panel mRNA microarray (splenocytes pooled from 5–6 
mice before CD4+ T cell sorting). (B) RORγt+T-bet+ frequencies in liver and spleen CD4+ T cells within single live H-2b+H-2d–CD45+CD3+ cells 7 and 14 days after 
allo-HCT. There are increased RORγt+T-bet+CD4+ T cells in recipients of β2-AR–/– T cells. Representative plots are shown from 2 independent experiments 
(n = 5–6 in total). (C) T-bet+, Foxp-3+, IFN-γ+, IL-17+, and IL-10+ frequencies in CD4+ T cells within single live H-2b+H-2d–CD45+CD3+ cell populations from the 
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that glycogen synthase kinase-3 (GSK-3) activity plays a role in regulating the immunosuppressive function 
of  Tregs (36, 37) — and that β-AR stimulation has been shown to be dependent on GSK-3 activity in other 
cell types, like cardiomyocytes (38, 39) — we investigated whether β2-AR signaling increased iTreg genera-
tion by modulating GSK-3 activity. The GSK-3 mechanism of  action is unique in that it is a constitutively 
active kinase that is inhibited by phosphorylation at either the serine-9 or serine-21 residues of  GSK-3β 
and GSK-3α, respectively (40). Therefore, to investigate the functional state of  GSK-3, we assessed the 
phosphorylation status of  these key amino acids by Western blot. Surprisingly, treatment with terbutaline 
during iTreg generation promoted a more rapid dephosphorylation of  GSK-3 than was observed when 
terbutaline’s function was blocked by propranolol treatment (Figure 4B), suggesting that β2-AR signaling 
promotes iTreg development by increasing GSK-3 activity. One to 3 days after starting iTreg development, 
we did not detect phosphorylated GSK-3 (Figure 4B). To confirm the positive role of  GSK-3 activation 
in iTreg differentiation, CD4+ T cells were cultured in the presence or absence of  SB216763, a selective 
GSK-3 inhibitor resulting in significantly decreased Treg generation. Furthermore, terbutaline did not 
increase iTreg differentiation in the presence of  SB216763 to the same degree as observed in the absence of  
SB216763 (Figure 4C). To investigate the effects of  the β2-AR agonist on Th1 differentiation, naive CD4+ 
T cells were cultured in Th1 culture media supplemented by IL-12 and IL-2 cytokines, with or without 
terbutaline. Terbutaline significantly decreased the expression of  T-bet and IFN-γ in CD4+ T cells, and this 
effect was reversed by propranolol (Supplemental Figure 6, A and B). These data further demonstrate that 
GSK-3 signaling through β2-AR agonism positively affects iTreg generation.

Selective β2-AR agonism increases the generation of  donor-derived myeloid cells. MDSCs have been shown 
to affect aGvHD severity (41). We recently showed that β2-AR signaling positively enhances the function 
and generation of  endogenous MDSCs in models of  solid tumor killing (26). We investigated the effect of  
β2-AR agonism on BM-derived donor MDSCs during allo-HCT. Lethally irradiated BALB/c mice were 
transplanted with B6 TCD-BM and WT T cells and received i.p. injections of  bambuterol or saline starting 
on day 0 after allo-HCT. Bambuterol significantly increased MDSCs (CD11b+Gr-1+ population) in spleen 
and liver compared with controls (Figure 5A). To examine the effect of  β2-AR signaling on MDSC gener-
ation, BM from WT or β2-AR–/– mice were grown in MDSC media (IL-6 and GM-CSF), with or without 
terbutaline. Terbutaline significantly increased in vitro MDSC generation from WT but not β2-AR–/– BM 
(Figure 5, B and C). To exclude any nonspecific activity of  terbutaline on MDSC generation, propranolol 
abrogated the effect of  terbutaline (Figure 5B). To confirm the specific role of  the β2-AR on BM cells and 
MDSC generation, lethally irradiated BALB/c mice were transplanted with WT (CD45.1) and β2-AR–/– 
(CD45.2) TCD-BM mixed at a 50:50 ratio plus T cells (CD45.2). Recipients were treated with daily i.p. 
bambuterol or saline (Figure 5D). WT and β2-AR–/– MDSCs were analyzed from spleen and liver on day 
7, and WT MDSC percentages were found to be significantly higher in the spleen and liver compared with 
β2-AR–/– MDSC percentages (Figure 5D).

Selective β2-AR agonism suppresses aGvHD severity in a humanized mouse model. β2-AR signaling during 
murine allo-HCT increased donor MDSCs, decreased donor Th1 cells, elevated donor Tregs, and decreased 
aGvHD severity and lethality. We investigated whether β2-AR signaling by bambuterol ameliorates the 
severity and fatality of  aGvHD in a humanized model. Xenogeneic NOD-scid IL-2Rγ–/– (NSG-HLA-A2) 
mice were sublethally irradiated (2.5 Gy), transplanted with human peripheral blood mononuclear cells 
(PBMCs, 2 × 106 cells), and treated with daily i.p. injections of  bambuterol (1 mg/kg) or saline (starting 
on day 0 for 30 days after allo-HCT). Bambuterol significantly decreased aGvHD severity compared with 
controls (Figure 6A). After bambuterol treatment, when compared with saline, the percentage of  human 
donor immunosuppressive cells CD4+Foxp-3+, CD4+IL-10+, and CD14+CD33+ (MDSCs) increased and the 
cytotoxic cells CD4+IFN-γ+ (Th1) and CD4+IL-17+ (Th17) decreased, respectively, in spleen, liver, and lung 
at day 14. (Figure 6B). We found the same pattern in human donor CD8+ T cells (Supplemental Figure 7), 

spleen and liver at days 7 and 14, and the GI tract 14 days after allo-HCT. Data pooled from 2 individual experiments, total n = 5–6 per group. B6→BALB/c 
model using B6→BALB/c model transplanted with 3.5 × 106 WT C57BL/6 TCD-BM alone or combined with 0.7 × 106 WT C57BL/6 or β2-AR–/– pan–T cells. 
CD4+T-bet+, CD4+IFN-γ+, CD4+IL-17+, and T-bet+Rorγt+CD4+ T cells were significantly increased in β2-AR–/– versus WT T cells. CD4+Foxp-3+ and CD4+IL-10+ cells 
significantly increased in WT versus β2-AR–/– T cells. (D) Plasma levels of inflammatory/inhibitory cytokines of irradiated BALB/c mice transplanted with 
TCD-BM plus WT or β2-AR–/– T cells at 7 and 14 days. Plasma IFN-γ on days 7 and 14 and IL-17 levels on day 7 increased significantly, while IL-4 and IL-10 
levels decreased significantly in β2-AR–/– T cell recipients. There were no differences in plasma GM-CSF levels. For comparison of the means, an unpaired 
2-tailed t test was used in B, C, and D. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as median ± min to max.
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Figure 3. The selective β2-AR agonist bambuterol ameliorates the severity and fatality of acute GvHD. (A) Body weight, clinical score, and survival 
of lethally irradiated BALB/c mice after allo-HCT with 3.5 × 106 WT C57BL/6 TCD-BM alone or combined with 0.7 × 106 WT C57BL/6 pan–T cells treated 
with daily injections of saline and bambuterol. Data pooled from 2 individual experiments; n = 6–8 per group for a total of n = 12–16 per group. (B) 
Body weight, clinical score, and survival of lethally irradiated C3H/SW mice after allo-HCT with 3.5 × 106 WT C57BL/6 TCD-BM alone or combined with 
1.5 × 106 WT C57BL/6 pan–T cells treated with daily injections of saline and bambuterol. Data pooled from 2 individual experiments; n = 4–7 per group 
for a total of n = 8–14 per group. Bambuterol significantly ameliorated aGvHD in the MHC and miHA mismatched models, as assessed by weight loss, 
clinical score, and survival. (C) T-bet+, Foxp-3+, IFN-γ+, IL-17+, and IL-10+ frequencies in CD4+ T cells within single live H-2b+H-2d–CD45+CD3+ cell popula-
tions from spleen and liver of mice 7 and 14 days after allo-HCT in the B6→BALB/c model transplanted with 3.5 × 106 WT C57BL/6 TCD-BM combined 
with 0.7 × 106 WT C57BL/6 pan–T cells treated with daily injections of saline and bambuterol at ST. Data pooled from 2 individual experiments; total 
n = 5–6 per group. There were significantly increased CD4+Foxp-3+ and CD4+IL-10+ and decreased CD4+T-bet+, CD4+IFN-γ+, and CD4+IL-17+ populations 
in the bambuterol-treated recipients. For comparison of survival curves, a log-rank (Mantel-Cox) test was used in A and B. For comparison of the 
means, an unpaired 2-tailed t test was used in C. Two-way ANOVA with Tukey’s multiple comparisons test was used for body weight and clinical 
score difference in A and B. *P < 0.05, **P < 0.01, ***P < 0.001. Body weight, clinical score, and survival data are shown as means ± SEM. Other data 
are presented as median ± min to max.
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suggesting that selective β2-AR activation ameliorates aGvHD by suppressing human donor inflammatory 
T cells and by increasing donor suppressive cells in a human immune cell NSG model.

Selective β2-AR agonism preserves GvT activity. The immune responses leading to aGvHD tissue damage 
and tumor elimination due to the GvT effect cannot be readily separated (42). To investigate whether bam-
buterol treatment affected the GvT effect in the MHC-mismatched HCT model, GFP+luciferase+ A20 B cell 
lymphoma cells (A20-GFP-Luc, 1.0 × 105 cells) were injected into lethally irradiated BALB/c recipients 4 
hours before HCT with WT B6 TCD-BM and B6 WT splenic T cells. Tumor growth was monitored by bio-
luminescent imaging (BLI). Recipients of  A20 cells and TCD-BM alone died before day 28 (Figure 7, A–C). 
Tumor growth was controlled in recipients receiving WT T cells and bambuterol, resulting in significant 

Figure 4. β2-ARs on T cells play a critical role in development of Treg through GSK-3 signaling. (A) CD4+ T cells sorted from healthy C57BL/6 mouse 
spleens were cultured in Treg media (TGF-β + IL-2) plus CD3/C28 with terbutaline with and without the pan–β-AR antagonist propranolol. Foxp-3+ 
T cell frequencies within single live CD4+ T cell populations were analyzed using flow cytometry. Terbutaline significantly increased iTregs, and this 
was reversible by propranolol. Data pooled from 3 individual experiments; n = 2–3 replicates per group. (B) CD4+ T cells sorted from healthy C57BL/6 
mouse spleens were activated in Treg media plus CD3/C28 in the presence of terbutaline or terbutaline plus propranolol. The phosphorylation of 
GSK-3α and GSK-3β were analyzed by Western blot in T cells before terbutaline activation (control) and at 20, 60, and 120 minutes or 1, 2, and 3 days 
after CD4+ T cell activation. A representative blot of 3 independent experiments is presented. Terbutaline promoted GSK-3 dephosphorylation in CD4+ 
T cells in Treg media, an effect decreased by propranolol. No phosphorylated GSK-3 was detected 1–3 days after starting iTreg development. (C) CD4+ 
T cells sorted from healthy C57BL/6 mouse spleens were activated in Treg media plus CD3/C28. Culture conditions included terbutaline, terbutaline 
plus propranolol, the GSK-3 inhibitor SB216763 alone, terbutaline plus SB216763, and terbutaline, propranolol, and SB216763 together. At day 3, Tregs 
were quantified using Foxp-3 gating on live CD3+CD4+ cell populations. SB216763 resulted in significantly decreased Treg generation. SB216763 result-
ed in a decrease in the terbutaline induced iTreg differentiation. One-way ANOVA with Bonferroni’s post hoc test was used in A and C. **P < 0.01, 
***P < 0.001, ****P < 0.0001. Data are presented as median ± min to max.
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survival improvement (Figure 7B). When the donor T cells were decreased (from 5 × 105 to 2 × 105), recipi-
ent mice did not develop severe aGvHD, and bambuterol treatment did not diminish the GvT effect (Figure 
7C). NKG2D expression by T cells has been associated with an increased GvT effect, with minimal effect on 
GvHD severity (43, 44). Furthermore, MDSCs enhance the GvT effect by increasing expression of  NKG2D 

Figure 5. The selective β2-AR agonist bambuterol increases the generation of donor BM-derived myeloid-derived suppressor cells (MDSCs). (A) CD11b+Gr-1+ 
(MDSC) frequencies within single live H-2b+H-2d–CD45+ populations from spleens and liver, 7 and 14 days after allo-HCT in the B6 → BALB/c model transplant-
ed with 3.5 × 106 WT C57BL/6 TCD-BM combined with 0.7 × 106 WT C57BL/6 pan–T cells treated with daily saline and bambuterol injections. Data pooled from 
2 individual experiments; total n = 5–6 per group. Bambuterol significantly increased MDSCs in spleen and liver compared with controls. (B) In vitro generation 
of BM MDSCs isolated from WT C57BL/6 mice in presence of terbutaline or terbutaline plus propranolol. Data pooled from 3 individual experiments, each with 
2–3 replicates per group. Terbutaline significantly increased in vitro MDSC generation, which was blocked by propranolol. (C) In vitro generation of BM MDSCs 
isolated from WT or β2-AR–/– C57BL/6 mice in presence of terbutaline. Data pooled from 3 individual experiments, each with 2–3 replicates per group. Terbu-
taline significantly increased in vitro MDSC generation from WT but not β2-AR–/– BM. (D) Schematic design and MDSC generation from WT (CD45.1 H-2b) and 
β2-AR–/– (CD45.2 H-2b) TCD-BM gated on single live H-2d–CD3– cells. Lethally irradiated BALB/c mice were transplanted with 3.5 × 106 WT (CD45.1) and β2-AR–/– 
(CD45.2) C57BL/6 TCD-BM (50:50 ratios) combined with 0.7 × 106 WT (CD45.2) C57BL/6 pan–T cells. Recipients were treated with daily bambuterol injections. 
Data pooled from 2 individual experiments, each with n = 5 per group obtaining a total of n = 10 per group. At day 7 after allo-HCT, liver and spleen WT MDSC 
percentages were significantly higher compared with β2-AR–/–. For comparison of the means, an unpaired 2-tailed t test was used in A and D, and a 1-way 
ANOVA with Bonferroni’s post hoc test was used in B and C. *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as median ± min to max.
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in effector cells (44). We tested whether bambuterol promotes the induction of  antitumor effector cells, lead-
ing to tumor control. Compared with saline, bambuterol treatment significantly increased the expression of  
NKG2D in effector cell populations (Figure 7D), and NKG2D expression in β2-AR–/– CD4+ effector T cells 
was also significantly lower than WT CD4+ effector T cells (Supplemental Figure 8).

Discussion
We report that β2-ARs expressed by T cells during allo-HCT modulate T cell differentiation and effector 
cell function. Th1 and Th17 CD4+ T cell polarization in vitro induces aGvHD in target organs including 

Figure 6. The selective β2-AR agonist bambuterol ameliorates the severity and fatality of acute GvHD in a humanized NSG model. (A) Body weight, 
clinical score, and survival of lethally irradiated NSG mice after allo-HCT with 2 × 106 human PBMCs. Mice were treated with daily injections of saline 
and bambuterol. Data pooled from 2 individual experiments, each with n = 8–10 per group to obtain total of n = 16–20 per group. Bambuterol signifi-
cantly decreased aGvHD severity compared with controls. (B) Frequencies of Foxp-3+, IFN-γ+, IL-17+, and IL-10+ in CD4+ T cells within single live CD45+CD3+ 
populations from spleen, liver, and lungs of mice 14 days after allo-HCT. MDSCs were gated from single live CD45+CD3– populations. Data pooled from 2 
individual experiments, each with n = 2–3 per group to obtain total of n = 4–6 per group. Bambuterol treatment increased the percentage of human donor 
immunosuppressive cells CD4+Foxp-3+, CD4+IL-10+, and CD14+CD33+ (MDSCs) cells and decreased the cytotoxic cells CD4+IFN-γ+ (Th1) and CD4+IL-17+ (Th17) 
cells. For comparison of survival curves, a log-rank (Mantel-Cox) test was used in A. For comparison of the means, an unpaired 2-tailed t test was used in 
B. Two-way ANOVA with Tukey’s multiple comparisons test was used for body weight and clinical score difference in A. *P < 0.05, **P < 0.01, ***P < 0.001. 
Body weight, clinical score, and survival data are shown as means ± SEM. Other data are presented as median ± min to max.
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Figure 7. The selective β2-AR agonist bambuterol does not compromise the GvT effect. Experiments with A20 tumor cells expressing luciferase (A20 
cells) were monitored by in vivo bioluminescent imaging (BLI). Recipients were i.v. injected with 1 × 105 A20 cells 4 hours before lethal irradiation, followed 
by MHC-mismatched allo-HCT with WT C57BL/6 TCD-BM with or without T cells purified from C57BL/6 WT spleens. All recipients received daily saline or 
bambuterol injections after transplant. (A and B) BALB/c mice received A20 cells followed by allo-HCT with BM alone or with 5 × 105 T cells. (C) BALB/c 
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skin, GI tract, and liver in murine and clinical allo-HCT (45–48). Furthermore, CD4+ T cells have been 
shown to be important in the development and severity of  aGvHD, as donor CD4+ T cell depletion pre-
vents aGvHD in mouse models (49).

Treg populations including natural Tregs (nTregs) and iTregs ameliorate GvHD severity by suppressing 
cytotoxic T cells (15, 19, 50), and Treg deficiency after allo-HCT has been associated with severe aGvHD 
(51). Previous studies have shown that β2-AR signaling induces Treg immunosuppressive functions through 
an increase in CTLA-4 expression and a decrease in IL-2 levels (34, 35). In this study, β2-AR activation 
by bambuterol in CD4+ and CD8+ T cells led to enhanced development of  Foxp-3+ Tregs and the inhib-
itory cytokine IL-10. Previous work found that preclinical iTreg therapy to control GvHD was unstable 
due to the loss of  Foxp-3 expression (52, 53). In this study, bambuterol improved Foxp-3+ CD4+ T cell 
development 7 and 14 days after allo-HCT, demonstrating a stable effect on Foxp-3 expression. Further-
more, β2-AR signaling resulted in decreased expression of  T-bet, the main Th1 transcription factor, and the 
inflammatory cytokine IFN-γ, skewing the Th1/Th17:Treg/Th2 balance toward a Treg/Th2 phenotype. 
Treg/Th2 T cells have been shown to be protective against severe aGvHD (18, 54, 55). The generation of  
Foxp-3+ Tregs and the Treg/conventional T cell ratio are reduced during severe aGvHD (56, 57). Previous 
work has shown that β2-AR signaling on Th1, Th17, and effector cells led to suppressed T cell proliferation 
(58). It could be postulated that the protective effects we observed could be due to a reduction in Th1 cells 
and not the result of  augmented Treg reconstitution. However, using Treg-depleted CD4+ T cells as donor 
cells in vitro and in vivo, we demonstrate that the β2-AR signaling effect on Th1 cells is independent of  the 
effect on thymic Tregs. Thus, the mechanism of  aGvHD amelioration through β2-AR activation is likely a 
result of  Th1/Th17 cytotoxic T cell suppression and enhanced Treg reconstitution.

Previous work has shown that β2-AR activation by specific agonists causes β2-AR recycling through 
PKA signaling (59, 60). PKA activation downstream of  β2-AR signaling inhibits rapid, unregulated bulk 
β2-AR recycling and, instead, exclusively activates slow, but regulated, sequence-dependent recycling of  
β2-AR (59, 61). This results in β2-AR resensitization and functional β2-AR expression on the cell surface 
(59, 62). These previously reported mechanistic studies support our premise, suggesting that treatment with 
a β2-AR–specific agonist could skew T cell differentiation and suppress severe GvHD after allo-HCT. In 
this study, we have shown that T cell β2-AR expression increased during allo-HCT in the spleen and liver 
and that bambuterol effectively increased the ratio of  immunosuppressive cells to cytotoxic T cells. Thus, 
bambuterol induces β2-AR recycling and resensitization rather than β2-AR degradation.

While investigating the mechanisms of  β2-AR signaling during Treg differentiation, we found that 
GSK-3 undergoes rapid dephosphorylation after culturing CD4+ T cells in Treg media, and β2-AR signal-
ing accelerated this dephosphorylation. GSK-3 is a relatively unique kinase because it is primarily active 
only when dephosphorylated (40, 63); thus, β2-AR signaling accelerated GSK-3 activity and increased 
iTreg generation. GSK-3 interacts with many different substrates and is associated with differentiation 
of  multiple cell types, including adipocytes, neurons, Th17, Th1, and stem cells (37, 64–67). However, G 
proteins recruit GSK-3 to the membrane, increasing kinase activity and preventing β-catenin degradation 
(68). Inhibition of  GSK kinase activity attenuates the stabilization of  Foxp-3 and the immunosuppressive 
functions of  Tregs through Wnt/β-catenin signaling (36, 69), suggesting that β2-AR improves Treg genera-
tion through the GSK/Wnt signaling pathway.

In this report, high Foxp-3 levels in Tregs were significantly lessened when GSK-3 activity was inhib-
ited. GSK-3 inhibition also prevented bambuterol treatment from further increasing Foxp-3 levels. GSK-3 
activity was necessary throughout iTreg differentiation, as no inactive-phosphorylated GSK-3 was detect-
ed after 3 days of  culturing naive CD4+ T cells in Treg media. The classical cAMP/PKA activity down-
stream of  the β2-AR exists in tumor cells as well as adipocytes, suppressing GSK-3 activity (70, 71). 

mice received A20 cells followed by allo-HCT with BM alone or with 2 × 105 T cells. Recipients of A20 cells and TCD-BM alone died before day 28. Recipients 
of A20 cells, TCD-BM, and T cells displayed controlled tumor growth and improved survival, with improved GvHD severity when receiving bambuterol. 
Decreasing the donor T cells improved GvHD severity. Bambuterol treatment did not diminish the GvT effect. (D) BALB/c mice received A20 cells followed 
by allo-HCT with BM alone or with 5 × 105 T cells. CD44+NKG2D+ and CD62L+CD44+ in CD4+ T cell frequencies within splenic single live H-2b+H-2d–CD45+CD3+ 
cell populations on day 14 after transplant were increased with bambuterol treatment. Data were pooled from 2 individual experiments, each with n = 2–3 
per group to obtain total of n = 4–6 per group. Log-rank (Mantel-Cox) test was used to compare survival curves between saline and bambuterol groups. For 
comparison of the means, an unpaired 2-tailed t test was used in C. Two-way ANOVA with Tukey’s multiple comparisons test was used for body weight, 
clinical score, and tumor burden difference in A and B. *P < 0.05 and **P < 0.01. Tumor burden, body weight, clinical score, and survival data are shown as 
means ± SEM. Other data are presented as median ± min to max. 
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cAMP-independent β2-AR activation increases the activity of  GSK-3 (39, 72), implying that a cAMP-in-
dependent mechanism is responsible for β2-AR/GSK-3/Foxp-3 pathway activation, leading to increased 
Treg development.

MDSCs are immunosuppressive cells that decrease aGvHD severity by inhibiting cytotoxic T cell 
function via arginase-1 (41). IL-13 is a key cytokine for the induction and maintenance of  arginase-1 
(73). β2-AR–mediated Th2/Treg differentiation may increase Th2 cytokines, including IL-13, indirect-
ly increasing MDSC generation. MDSCs skew the Th1/Th2 balance toward Th2, preventing murine 
aGvHD (74), and MDSC-induced aGvHD prevention was seen in a humanized aGvHD model (41, 
75). Previous studies demonstrated that β2-AR activation increased the mobilization and accumulation 
of  MDSCs. MDSCs generated by β2-AR activation in the BM also may modulate tissue damage repair 
after allo-HCT, in addition to suppressing allogeneic cytotoxic T cells.

Bambuterol did not impair the GvT effect in the A20 lymphoma model. β2-AR activation is associat-
ed with effector cell expression of  NKG2D, which plays an important role in balancing GvT activity and 
aGvHD (43, 44, 76, 77). In agreement with our data, a recent study has shown that systemic β2-AR activa-
tion significantly increases TCR-γδ T cell antitumor effects via NKG2D (78). Future studies will be neces-
sary to clarify the role of  NKG2D and determine the dynamics of  its expression in GvHD after bambuterol 
therapy. This is especially pertinent because it has been shown that NKG2D increases GvHD severity in 
the days immediately after allo-HCT yet becomes critical for maintaining GvT effects as time progresses 
(79). Additionally, it is also possible that β2-AR signaling induces NKG2D expression on T cells indirectly 
via MDSCs, as it has been shown that adoptive transfer of  MDSCs can increase the GvT effect by induc-
ing effector cell upregulation of  NKG2D while preventing severe aGvHD (44). If  this is the case, T cell 
NKG2D expression may begin at least a week after allo-HCT, when MDSCs begin to find their way into 
affected tissues and, thus, have minimal effects on GvHD severity immediately after transplantation. Bam-
buterol also improved the generation of  central memory cells and increased central memory cell frequency 
in the spleen, marked by CD44+CD62L+ cells in the CD4+ T cell population (Figure 7D). CD4+ memory 
T cells mediate a strong GvT effect by recognizing recipient alloantigen on leukemia cells without causing 
aGvHD (80). T9IL-33 cells, a population of  IL-9–producing T cells activated via the ST2/IL-33 pathway 
with an enhanced central memory phenotype, exhibit antitumor activity without inducing aGvHD (81).

In summary, β2 agonist stimulation of  β2-ARs on donor T cells changes T cell differentiation from 
the Th1/Th17 phenotype toward the Th2/Treg phenotype and induces MDSC generation from BM cells. 
β2-AR stimulation can control the severity and fatality of  aGvHD without impairing the GvT response. 
These data support testing selective β2-AR agonist therapeutic strategies for the prevention and treatment 
of  aGvHD after allo-HCT.

Methods
Study design. This study was designed to activate T cell β2-ARs, especially on CD4+ T cells. We hypothesized 
that this CD4+ T cell activation would result in a decreased population of  cytotoxic T cells and an increased 
population of  aGvHD-suppressive cells, including Tregs. We assessed the potential of  a long-acting selective 
β2-AR agonist, bambuterol (a terbutaline prodrug), in multiple experimental murine models of  aGvHD. 
The long-acting β2-AR agonist (using saline as a vehicle and a control) allowed for a decreased injection fre-
quency. We evaluated the therapeutic effect of  bambuterol on aGvHD severity by monitoring body weight, 
clinical and histopathological aGvHD scores, and recipient survival. We used a multiplex ELISA to measure 
the decrease in the plasma levels of  the systemic proinflammatory cytokines IFN-γ and IL-17, as well as the 
increase in systemic antiinflammatory cytokine production such as IL-10. We then investigated the role of  
the β2-AR in CD4+ T cell differentiation and the phenotype of  CD4+ and CD8+ T cells after allo-HCT. We 
further assessed other immunomodulatory effects of  bambuterol. These included the generation of  MDSCs 
from donor BM cells and the impact on GvT during allo-HCT. A luciferase-expressing A20 lymphoma cell 
line was used to assess the effects of  bambuterol on GvT activity. We established a humanized mouse model 
of  aGvHD using human PBMCs to study the effects of  bambuterol on aGvHD. All in vitro and in vivo 
experiments were repeated independently in triplicate and duplicate, respectively.

Animals and tumor cells. C57BL/6J (H-2b), C3H/SW (H-2b), and BALB/cJ (H-2d) mice were purchased 
from the Jackson Laboratory. The β2-AR–KO (β2AR–/–) C57BL/6J mice were developed in the Roswell 
Park DLAR facility. Mice were maintained at Roswell Park IACUC–mandated ST (~22°C). The NSG-
HLA-A2 breeding pair mice were provided by Kunle Odunsi’s lab (Center for Immunotherapy, Roswell Park 
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Comprehensive Cancer Center, Buffalo, New York, USA). All in vivo experiments were performed accord-
ing to Roswell Park animal care guidelines.

BM transplantation for GvT effect and aGvHD. For aGvHD studies, WT BALB/cJ (H-2d) or C3H/
SW (H-2b) were used as hosts and irradiated with a single fraction of  8.5 or 11 Gray (Gy), respectively, 
from a Cs-137 source. On day 0, mice were injected i.v. with 3.5 × 106 TCD-BM cells only or combined 
with 0.7 × 106 pan–T cells isolated from WT or β2-AR–/– C57BL/6J (H-2b) mice (B6→BALB/c mod-
el), 3.5×106 TCD-BM cells only, or combined with 1.5×106 pan–T cells isolated from WT or β2-AR–/– 
C57BL/6J (H-2b) mice (B6→C3H/SW model). In some experiments, BALB/c mice were irradiated 
using 8.5 Gy and transplanted with 3.5 × 106 TCD-BM cells only or combined with either 0.2 × 106 
CD4+ T cells or with 0.5 × 105 CD4+ CD25– T cells. Weights and aGvHD scores of  host mice were 
recorded every 3 days and were monitored daily for survival. In the aGvHD humanized model, NSG 
mice were irradiated with 2.5 Gy and transplanted with 2 × 106 human PBMCs on day 0. For GvT 
studies, WT BALB/cJ hosts (H-2d) were irradiated with a single dose (8.50 Gy). On day 0, hosts were 
injected i.v. with 3.5 × 106 TCD-BM cells only or combined with 0.5 × 106 pan–T cells or 0.2 × 106 T 
cells isolated from B6 (H-2b) WT mice. Host mice were injected i.v. with 0.1 × 106 luciferase–express-
ing A20 tumor cells (23) 4 hours before transplantation. Recipient mice were given daily i.p. saline or 
bambuterol (MilliporeSigma, 1 mg/kg) injections. Tumor burdens were measured by bioluminescence 
imaging weekly; tumor mortality and survival were monitored daily.

Reagents. Mice received 200 μL bambuterol hydrochloride (B8684, MilliporeSigma), the prodrug for 
terbutaline at a dose of  1 mg/kg via i.p. injection. Control mice received 200 μL saline. All recipients 
started daily i.p. injections on the day of  allo-HCT, continuing for 30 days. For in vitro studies, terbutaline 
(T2528, MilliporeSigma) and propranolol (P0884, MilliporeSigma) were used at a 10 μM concentration. 
The GSK-3 inhibitor SB216763 (S3442, MilliporeSigma) was used at a 1 μM concentration.

Donor cell preparation. Donor BM cells were isolated from B6 WT or β2-AR–/– mice. TCD-BM was per-
formed using anti-CD90.2 microbeads (130-121-278, Miltenyi Biotec; purity > 92%). Donor pan–T cells 
were purified from the spleens of  B6 WT or β2-AR–/– using mouse pan–T cell isolation kits (130-095-30, 
Miltenyi Biotec) (purity > 93%). CD4+ T cells and CD4+ CD25– T cells were purified using a pan–T cell 
isolation kit plus CD8+ biotin (53-6.7, BioLegend) or CD8+ biotin plus CD25+ biotin (7D4, eBioscience) 
antibodies, respectively (purity > 90%).

Flow cytometric analysis. All antibodies and reagents for flow cytometry were listed in Supplemental Table 
2. The cells were preincubated with purified anti–mouse CD16/CD32 mAb (2.4G2, BD Pharmingen) for 
10 minutes at 4°C to prevent nonspecific antibody binding. The sample was then incubated with surface 
staining antibodies for 30 minutes at 4°C. Fixable viability dye was used to distinguish live from dead cells. 
Intracellular transcription factor and cytokine staining was performed using the FoxP3/Transcription Factor 
Staining Buffer Set and the Fixation and Permeabilization Kit (00-5523-00, Thermo Fisher Scientific). For 
cytokine staining, cells were restimulated with phorbol myristate acetate (PMA; 50 ng/mL), ionomycin (1 
μg/mL; 407952, MilliporeSigma), and brefeldin-A (420601, BioLegend) for 4–5 hours before any staining. 
CD90.2 microbeads and pan–T cell isolation kits were purchased from Miltenyi Biotec.

Luminex immunoassay. Plasma was collected by retro-orbital bleeding on days 7 and 14 following trans-
plant. Blood sample vials were placed on ice until all samples had been collected. After the final sample 
collection, vials were incubated at room temperature for 20 minutes to coagulate. Sample vials were cen-
trifuged at 4°C for 20 minutes at 300 g. Serum plasma was collected and frozen at –80°C. Mouse cytokine 
and chemokine 11-plex (MilliporeSigma) was performed by the Roswell Park Flow and Image Cytometry, 
Luminex Division, per the manufacturer’s instructions.

Cell sorting. At day 14 after allo-HCT, CD4+ T cells (live−H-2b+CD45+CD3+) were sorted from single-cell 
suspensions of  the spleens from treated BALB/c recipient mice for gene expression (Immunology Panel, 
NanoString) using BD FACSAria (BD Biosciences) in the Roswell Park Flow Cytometry Core Facility.

NanoString gene expression profiling analysis. Recipient splenic CD4+ T cells from WT or β2-AR–/– donors 
were sorted, counted, and lysed in RLT buffer (79216, QIAGEN) on ice. The total CD4+ T cells after sort-
ing ranged between 0.5 × 106 and 1 × 106 cells. Cells were immediately frozen in liquid nitrogen and then 
stored at −80°C or in dry ice. Samples were sent to the Roswell Park Genomic Shared Resource for gene 
expression profiling. NanoString analysis was performed with the nCounter Analysis System at NanoS-
tring Technologies. The nCounter Mouse Immunology Kit, including 561 immunology-related mouse 
genes, was used in the study.
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Clinical aGvHD scoring criteria. The clinical aGvHD manifestations measured and observed included 
weight loss, change in posture, activity, fur texture, hair loss, and diarrhea. A modified scoring system (Sup-
plemental Table 1) was used for aGvHD scoring (82).

T cell differentiation. Total CD4+ T cells were purified from B6 spleens with magnetic isolation beads 
(Miltenyi Biotec). These cells were cultured at a concentration of  1 × 106 cells/mL in TexMACS medium 
(130-197-196, Miltenyi Biotec) supplemented with 10% FBS (35-011-CV, Corning), 1% penicillin/strep-
tomycin (30-002-CI, Corning), and 1% L-glutamine (24-0050CI, Corning). T cells were cultured in Treg 
media including TexMACS medium (Miltenyi Biotec) supplemented with 10% FBS, 1% penicillin/strepto-
mycin, 1% glutamine plus TGF-β (5 ng/mL; 763102, BioLegend), IL-2 (20 ng/mL; 575402, BioLegend), 
and anti-CD28/CD3 microbeads (bead/cell ratio 1:1; T cell activation kit; 130-093-627, Miltenyi Biotec). 
CD4+ T cells were polarized toward Th1 cells using IL-2 (20 ng/mL) and IL-12 (20 ng/mL; 577002, Bio-
Legend) in TexMACS medium (Miltenyi Biotec) supplemented with 10% FBS, 1% penicillin/streptomy-
cin, and 1% glutamine plus CD28/CD3 microbeads (Th1 media).

Histopathology scoring. At 14 days after allo-HCT, BALB/c host mice transplanted with B6 TCD-BM plus 
either WT or β2-AR–/– pan–T cells were sacrificed; large and small intestines were harvested, fixed in formalin, 
sectioned, and stained with H&E. The intestinal tissue was examined using an established semiquantitative 
scoring system in a deidentified manner. Representative pictures were captured at total magnification of 100×.

Western blot analysis. CD4+ T cells were sorted from the spleens of  healthy B6 mice, cultured in Treg 
media plus CD3/C28 microbeads (Miltenyi Biotec). Cultured cells were treated with either 10 μM terbu-
taline (MilliporeSigma, T2528) or 10 μM terbutaline plus 1 μM propranolol (MilliporeSigma, P0884) for 20, 
60, or 120 minutes and 1, 2, or 3 days. Cells were collected, washed in PBS, and frozen at –80oC. A radio-
immunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher Scientific, 8990) combined with Protease/
Phosphatase Inhibitor Mini Tablets (Pierce, A32959), and phenylmethanesulfonyl fluoride (MilliporeSig-
ma, 36978) was then used to create lysate material for analysis. Protein concentrations were determined 
by BCA assay (Pierce, 23227). Samples were mixed with 4× Laemmli  Sample Buffer (Bio-Rad, 1610747), 
heated to 95°C for 5 minutes, and loaded into wells of  4%–20% Mini-PROTEAN TGX Precast Protein 
Gels (Bio-Rad, 4561094) to separate proteins in Tris/Glycine/SDS running buffer (Bio-Rad, 1610732). 
The separated protein gels were transferred to a polyvinylidene difluoride membrane (MilliporeSigma) in 
Tris/Glycine transfer buffer (Bio-Rad, 1610734). Blots were blocked with 5% BSA in TBS-T for 1 hour at 
room temperature. Primary antibody incubation took place overnight at 4°C in 5% BSA, and the antibodies 
used were rabbit anti–GSK-3α/β (Cell Signaling Technology, 5676) and rabbit anti–phospho–GSK-3α/β 
(Cell Signaling Technology, 8566). An anti–rabbit IgG, HRP-linked antibody (Cell Signaling Technology, 
7074) was used to detect the presence of  primary antibodies. Chemiluminescence from blots was detected 
after exposure to Clarity Western ECL Substrate (Bio-Rad, 1705060) by the Odyssey Fc imager (LI-COR).

HR and BP measurements. The CODA 8 noninvasive BP acquisition system for mice (Kent Scientific) 
was used for all tail-cuff  measurements. This device measures volume changes in mouse tail vessels via a 
volume pressure recording (VPR) cuff. The mice were acclimated in a designated quiet area (22°C ± 2°C), 
ambulated into restraint tubes that were tightened to prevent excessive movement. The occlusion cuff  was 
placed proximal and VPR cuff  was placed distal on each tail. The mice were warmed with heating pads 
preheated between 33°C and 35°C for 5 minutes before and during BP recordings. To measure BP, the 
occlusion cuff  is inflated to 250 mmHg. During cuff  deflation, the VPR cuff  measures the blood volume 
as it returns to the tail vessels. Each recording session consisted of  15–25 inflation and deflation cycles, 
including 5 acclimation cycles not included in the analysis. HR and BP were measured at days 21 and 28 
after allo-HCT in lethally irradiated BALB/c mice transplanted with TCD-BM with or without pan–T cells 
being treated with saline or bambuterol.

Data and materials availability. All data associated with this study are presented in the paper and/
or Supplemental Table 1.

Statistics. The tumor burden, body weight, and clinical score data are presented as mean ± SEM. Other 
data are presented as median ± minimum to maximum (min to max). Differences between groups were 
analyzed using the unpaired 2-tailed Student’s t test and 1-way ANOVA for 2 and more than 2 groups, 
respectively. Animal survival (Kaplan-Meier survival curves) was analyzed by log-rank test. The body 
weight and clinical score difference was analyzed using 2-way ANOVA and presented by each time point. 
Multiple comparisons were assessed using Tukey’s multiple comparison test. P < 0.05 was considered sta-
tistically significant. All statistical analyses were performed by using GraphPad Prism v7.
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Study approval. All animal studies were reviewed and approved by the Roswell Park institutional animal 
care and use program and facilities (protocols 1140M and 1143M). All aspects of  animal research and hus-
bandry were conducted in accordance with the federal Animal Welfare Act and the NIH’s Guide for the Care 
and Use of  Laboratory Animals  (National Academies Press, 2011.
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