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Abstract: Vascularized composite tissue allotransplantation (VCA) can replace severely 28 

damaged body parts but the unavoidable toxicity of high doses of immunosuppressive drugs, 29 

such as tacrolimus, required results in significant morbidity.  Here we tested whether we could 30 

suppress immune activity in a mouse model of VCA by mimicking the natural immune 31 

suppression generated by nervous system-induced signaling of adrenergic receptors (AR) by 32 

using a safe and well-studied β-AR agonist (terbutaline).  Using wild-type and β2-AR-knockout 33 

(KO) mice, we found that increased β2-AR signaling results in delayed rejection in VCA 34 

recipients, even with subtherapeutic doses of tacrolimus, and this was associated with changes 35 

in immune contexture, expression of pro-inflammatory cytokines and chemokines, and 36 

function of endothelial adhesion molecules.  We propose that β-AR agonists can be used safely 37 

to mimic the natural suppression of immune responses generated by adrenergic stress signaling 38 

and thereby reduce the dose needed of other more toxic immunosuppressive drugs.   39 

 40 
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Introduction 53 

Remarkable improvements in on-site emergency care have led to increased survival of 54 

patients with previously fatal traumatic injuries resulting from accidents, gun-shots or 55 

explosions in both civilian and military settings1-3. However, these surviving patients must 56 

endure life-long difficulties associated with the loss of legs, arms, hands or other functional 57 

units (including even faces) with a significant decline in quality of life.  This difficult situation 58 

has generated interest in testing new transplant protocols using body parts from cadaveric 59 

donors in a procedure known as vascularized composite tissue allotransplantation (VCA). With 60 

more than 90 patients receiving VCA over the past decade, this novel transplantation is raising 61 

hope for patients with devastating deformities and complex tissue defects4-7. In large part, these 62 

successes have been achieved both by improved microsurgical techniques (e.g., anastomoses 63 

of vessels and nerves) and the use of large doses of potent pharmacological agents to induce 64 

immunosuppression, including cyclosporine A, tacrolimus and mycophenolic acid8-11. 65 

However, despite the excitement surrounding VCA, significant challenges prevent its 66 

widespread acceptance and use.  First and foremost is that tissues and organs recovered from 67 

cadaveric donors are a scare resource with few instances of HLA-match with the recipient12. 68 

As a result, very heavy doses of immunosuppressive medications are required, exposing the 69 

patient to opportunistic infections, hyperglycemia, hepatotoxicity, nephrotoxicity, cancer and 70 

reproductive toxicity13. Additionally, in vivo and in vitro studies suggest that the 71 

immunosuppressants cyclosporine and tacrolimus can promote carcinogenesis and cancer 72 

progression through production of transforming growth factor-β, increasing tumor 73 

angiogenesis and metastasis14,15. Adverse reactions and toxicity often necessitate reduction, and 74 

even complete withdrawal, of immunosuppressive drugs leading to a tragic graft rejection and 75 

loss. As an example of this scenario, a patient who received the first face transplantation in 76 

2005 suffered from two different types of cancer as a consequence of potent 77 
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immunosuppression and subsequently lost her lips due to graft rejection16.  Although, VCA can 78 

provide significant improvement in quality of life, far too many of these patients experience 79 

either graft rejection or increased risk of additional health problems, including cancer, from the 80 

chronic use of high dose immunosuppressive drugs13.  This has led to significant ethical 81 

concerns about using this type of transplant in patients when it is not medically “life-saving” 82 

unlike the situation for patients requiring solid organ transplants such as liver or heart, which 83 

is medically required to save their lives.   Moreover, in the latter case, these is often a better 84 

possibility to achieve a closer donor HLA match.  So, it is clear that there is a serious and unmet 85 

medical need for new strategies to improve graft survival after VCA and lessen the risk of life-86 

threatening morbidities from toxic immunosuppressive drugs.  87 

The nervous and immune systems have been found to interact closely in host defense 88 

and stress responses17. Although the relationship of the hypothalamus-pituitary-adrenal (HPA) 89 

axis and cortisol has been well studied18,19, the natural role of the sympathetic nervous system 90 

in regulating immune responses is not fully understood 20,21. Sympathetic and parasympathetic 91 

nerves are found innervating immune organs and near immune cells throughout the body. 92 

Extensive research now shows that neurotransmitter interactions between norepinephrine (NE) 93 

and β-adrenergic receptors (AR) regulate the immune system and that dysregulation of neuro-94 

immune signaling pathways contributes to the pathogenesis of immune disorders22-24.  95 

Recently, we have shown that pharmacologic blockade of the β-AR with the common 96 

pan-β-blocker propranolol reduces tumor growth rates by interfering with the suppressive 97 

activity of adrenergic stress on adaptive immune responses. Specifically, we found that 98 

blocking β-AR with propranolol increased  glucose uptake and glycolysis needed for  metabolic 99 

reprogramming during T cell activation and anti-tumor immunity25-28.  We also found that β2-100 

AR has an important role for immune modulation of T cells and myeloid-derived suppressor 101 

cells (MDSC)29.  The strong, naturally occurring immunosuppressive potential of β-AR 102 
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signaling is consistent with our observations that adrenergic stress or addition of β-AR agonists 103 

can suppress graft versus host disease (GVHD) following bone marrow transplantation 104 

(BMT)29-31. 105 

These data led us to investigate whether targeting the natural ability of β-AR to regulate 106 

immunity in response to adrenergic stress signaling could be used to more safely promote an 107 

immunosuppressive environment in transplanted grafts following VCA, thus allowing a 108 

reduction of the dose of the more toxic immunosuppressant drug tacrolimus.  Here, we 109 

investigated the impact of targeting β2-AR using the β2-blocker terbutaline, on graft rejection 110 

rate and immune contexture using wild-type and β2-AR-knockout (KO) mice. We found that 111 

increased β2-AR activation results in delayed rejection responses in VCA recipients without 112 

detectable toxicity and this occurred through mechanisms involving pro-inflammatory 113 

cytokines and chemokine suppression as well as inhibition of endothelial adhesion molecules.  114 

More importantly, we were able to extend graft survival using a subtherapeutic dose of 115 

tacrolimus combined with β2-AR agonist.  Together, these data reveal an immediately feasible 116 

strategy which can be tested in patients receiving VCA or other types of allotransplants.   117 

 118 

Results 119 

Safety and cross-reactivity with tacrolimus of selective 2-AR agonist 120 

Our previous work has established a reliable and consistent platform using a pre-clinical 121 

murine model of hind limb VCA32 to investigate novel therapies to prolong transplant survival 122 

The transplanted graft consisted of skin, fat, muscle, bone and blood vessels (Supplementary 123 

Fig. 1a), a complex combination of tissues similar to those which are often used in VCA.   124 

While we know from the literature and its clinical safety profile that terbutaline is 125 

considered to be a safe drug, we wanted to be sure that there were no cardiac physiology  126 

problems generated by this β2-AR agonist  alone, or in combination with the drug tacrolimus, 127 
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a drug that causes significant immunosuppression and commonly used in the transplant 128 

setting13,33. We assessed  blood pressure (BP) and heart rate (HR) with a non-invasive tail cuff 129 

system34. Normal mice were acclimated to the device for 10 days prior to collecting readings. 130 

No statistical difference was detected in systolic/diastolic BP or HR between mice treated daily 131 

with β2-AR agonist or vehicle over a course of 11 days (Supplementary Fig. 1b). We also 132 

measured plasma levels of tacrolimus in the mice treated with two different doses; full dose 133 

(fTac, i.e., a dose known to generally maintain allografts long term32), and half dose (hTac, i.e., 134 

a dose that only delays graft rejection) were measured.  As expected, significantly higher drug 135 

concentrations were measured in the fTac injected group compared to the hTac group, but there 136 

was no significant difference in tacrolimus concentrations between mice treated with 137 

tacrolimus alone and mice treated with tacrolimus and β2-AR agonist combination 138 

(Supplementary Fig. 1c). In addition, no changes of body weight and physical appearance were 139 

detected suggesting that it is safe to use terbutaline alone and in combination with tacrolimus 140 

without drug interaction. 141 

Decreased rejection responses and T cell infiltration into grafts with β2-AR agonist alone 142 

and in combination with tacrolimus 143 

Next we assessed the impact of β2-AR agonist on VCA survival by evaluating the 144 

impact of terbutaline in recipients employing histological hematoxylin and eosin (H&E) and 145 

immunohistochemistry (IHC) stains performed on transplanted grafts 5, 7 and 10 days after 146 

VCA to measure rejection grades and CD4+ T, CD8+ T and Foxp3+ cell infiltration into grafts.    147 

Gross and histologic VCA rejections were graded using the Banff 2007 Working 148 

Classification of Skin-Containing Composite Tissue Allograft Pathology (Fig. 1a and 149 

Supplementary Table 1)35. No gross rejection was observed in any graft prior to 5 days post-150 

VCA, but over 85% of the vehicle injected recipients showed grade 3 or 4 rejection 7 days after 151 

VCA. In contrast, β2-AR agonist-treated recipient mice had less severe rejection (grade 2) at 152 
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day 7, which was further improved by the addition of subtherapeutic dose of tacrolimus (hTac), 153 

with some grafts surviving with grade 2 rejection at day 10 (Fig. 1b). Although no evidence of 154 

gross rejection was observed at day 5, various histologic rejection grades were detected with 155 

H&E. β2-agonist treatments delayed rejection responses with/without subtherapeutic dose of 156 

tacrolimus compared to the vehicle injected group (Fig. 1c).  157 

To determine whether infiltrating cells originated from the donor or the recipient, we 158 

took advantage of differential CD45 isoform usage of C57BL/6 recipient (CD45.1) and 159 

BALB/c donor (CD45.2) mice. By day 7 post-VCA, over 90% of leukocytes within grafts 160 

(Supplementary Fig. 2a) and peripheral blood (Supplementary Fig. 2b) were from recipients. 161 

Reduced lymphocyte infiltration into the graft at an early phase of rejection would be expected 162 

to correlate with the observed enhanced graft survival. While moderate perivascular 163 

inflammation was detected at day 5 in the β2-agonist treated group (pathology grade 2), 164 

epithelial apoptosis and dyskeratosis were distinct in the vehicle treated group (pathology grade 165 

3) (Fig. 2a, b and Supplementary Fig. 3a, b). Infiltrating lymphocytes (CD4+ T,  CD8+ T, and 166 

Foxp3+ cells) were concentrated in the donor, but not recipient tissue, in both vehicle (Fig. 2a) 167 

and β2-agonist (Fig. 2b) treated mice, however, fewer lymphocytes infiltrated the grafts in the 168 

β2-agonist group (Fig. 2c).  Although significantly less T cell infiltration was detected in β2-169 

agonist treated grafts, compositions of CD4+/CD8+ central memory (CM) and effector memory 170 

(EM) T cell populations did not show a statistical difference by flow cytometry 5 days after 171 

VCA in the grafts (Fig. 2d). By day 7, the histological delineation between epidermis and 172 

dermis was lost and tissue rejection was nearly complete in the vehicle (Supplementary Fig. 173 

3c) compared to the β2-agonist group (Supplementary Fig. 3d) and infiltrated CD4+ T, CD8+ T 174 

and Foxp3+ cells found in vehicle controls were declining resulting in no statistical difference 175 

with the β2-agonist treated group (Supplementary Fig. 3e). The majority of T cells in the grafts 176 

7 days after VCA were EM cells in both groups, and these values were higher than healthy 177 
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donor (pre-transplanted grafts) control specimens (Supplementary Fig. 3f).  178 

To test whether we could use a β-AR agonist to mimic natural NE and β-AR interactions 179 

and reduce the dose of tacrolimus needed for immunosuppression, we tested tacrolimus at half 180 

dose (hTac) in combination with either vehicle or β2-agonist.  Grade 4 graft rejection was 181 

observed 10 days after VCA in the hTac+vehicle group, while the hTac+β2 group showed 182 

mainly only Grade 2 with partial Grade 3 rejection with intact skin histology (Fig. 2e). 183 

Abundant CD4+ T and CD8+ T cell infiltration was present 7 days after VCA in the 184 

hTac+vehicle group, and then the values dropped significantly 3 days later. β2-agonist 185 

treatments significantly decreased the number of infiltrating CD4+ T and CD8+ T cells at day 7 186 

compared to the hTac+vehicle group, but more CD4+ T cell infiltration was found in the β2-187 

agonist treated group than the vehicle injected group at day 10 representing remnant immune 188 

responses in the graft (Fig. 2f). There was no statistical difference in the proportion of CM and 189 

EM T cell populations in grafts 7 days after VCA between two groups using hTac (Fig. 2g).  190 

Changes in memory T and Th1 cells with a β2-AR agonist treatment in recipients  191 

In contrast to observations within grafts by flow cytometry (Fig. 2d, g), β2-AR agonist 192 

treatment significantly decreased the representation of CD4+ and CD8+ memory (CM and EM) 193 

T cell populations in the recipient’s systemic blood compartment (spleen) at day 5 (i.e., before 194 

the emergence of signs of rejection; Fig. 3a), however, by day 7 (i.e., once gross signs of 195 

rejection are apparent) these differences were lost (Fig. 3b). This finding was more pronounced 196 

in the EM T cell population in mice treated with hTac. Additional decreases in the CD4+ T and 197 

CD8+ T EM populations were found with β2-agonist treatment at day 7 (Fig. 3c), and these 198 

differences are lost by day 10 (Fig. 3d). β2-agonist decreased the compositions of Th1 199 

population significantly compared to the vehicle group at day 5 and 7 without tacrolimus (Fig. 200 

3e) and at day 7 and 10 with hTac (Fig. 3f). Interestingly, higher Treg (CD4+CD25+Foxp3+) 201 

levels in the graft (Fig. 2c) and the body (spleen; Fig. 3e) did not predict a better prognosis for 202 
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transplanted grafts. There were more Foxp3+ cell infiltration in grafts and a greater Treg 203 

population systemically along with more infiltrated T cells in grafts. The Treg population was 204 

directly proportional to the severity of T cell infiltration in grafts after VCA. Accordingly, a 205 

smaller Treg population was found in grafts and the recipients treated with fTac 206 

(Supplementary Fig. 4). Thus, Treg populations, which are thought to have immunosuppressive 207 

effects, may have increased as a consequence of a fulminant immune response to the highly 208 

antigenic VCA. 209 

Analyses of inflammatory cytokine levels after β2-AR modulation in recipients 210 

 Luminex analyses were used to determine if differences in the expression of 211 

inflammatory cytokines are associated with graft rejection after VCA followed by vehicle or 212 

β2-agonist injections. Systemic cytokines in recipient’s plasma were measured. Significantly 213 

decreased IFN-γ, IL-6, and TNF- levels with increased IL-13 levels were found in the β2-214 

agonist group compared to the vehicle group 5 days after VCA. The elevated cytokines (IFN-215 

γ, IL-6, IL-18, and TNF-) decreased 2 days later was indicative of their likely role in graft 216 

rejection responses before phenotypic rejection was noted (Fig. 3g).  217 

Augmentations of subtherapeutic immunosuppression using tacrolimus in combination 218 

with β2-AR agonist 219 

β2-AR agonist was evaluated for its effects on the survival of grafts after cessation of 220 

immunosuppression. Recipients were given with fTac every day for 14 days, and then 221 

tacrolimus injection was stopped, and vehicle or β2-agonist injections were initiated and 222 

continued until grafts showed rejection (Fig. 4a). Distinct effects of β2-agonist treatment on 223 

suppression of memory T cell populations were not detected in the blood (Fig. 4b), and there 224 

was no survival benefit of grafts given β2-agonist following cessation of tacrolimus (Fig. 4c). 225 

However, with a scenario using hTac with either vehicle or β2-agonist (Fig. 4d), the dose of 226 

tacrolimus was reduced by half 14 days after a full dose of tacrolimus daily treatment (fTac to 227 
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hTac). Even though no statistical difference on CD4+ and CD8+ memory T cell populations 228 

was detected between two groups in the blood (Fig. 4e), there was a significant graft survival 229 

benefit in the β2-agonist group compared to the vehicle group (Fig. 4f). 230 

Effects of β2-AR modulation in donor tissue  231 

A well-studied adrenergic receptor knockout (AR KO) mouse strain as donors and 232 

recipients were used to investigate the specific role of  β2-AR in the treatments of either donor 233 

or recipient29. Grafts were harvested from BALB/c AR KO mice as donors, and transplanted 234 

into C57BL/6 wild-type (WT) recipients (Fig. 5a-d). Although the graft showed less severe 235 

gross rejection as grade 1 with β2-agonist compared to the vehicle injection (Fig. 5a), no 236 

statistical difference was found in the compositions of CD4+ and CD8+ memory T cell 237 

populations at day 5 in the spleen (Fig. 5b). However, the composition of CD4+ and CD8+ EM 238 

T cell populations were significantly lower in the β2-agonist group than the vehicle group at 239 

day 7 (Fig. 5c), and significantly less Th1 and Treg were detected with β2-agonist compared to 240 

vehicle at day 5 (Fig. 5d). In parallel, WT grafts were transplanted to C57BL/6 AR KO 241 

recipients with either vehicle or β2-agonist injections (Fig. 5e-h). Significant decreases in CD4+ 242 

and CD8+ memory T cell populations were detected at day 5 (Fig. 5f) and 7 (Fig. 5g) with gross 243 

grade 0 rejection in the β2-agonist treated group compared to the vehicle group (grade 3). In 244 

addition, β2-agonist decreased Treg population significantly compared to vehicle injection at 245 

day 5 (Fig. 5h). Furthermore, significant decreases in CD4+ T cell and Treg infiltration were 246 

detected with β2-agonist treatment in AR KO recipients bearing the WT grafts (WT → KO) 247 

compared to WT recipients bearing AR KO grafts (KO → WT) (Fig. 5i).  248 

Important actions of β2-AR agonist on donor stromal cells after VCA 249 

β2-AR modulation in donors suppresses rejection responses after VCA, so to better 250 

determine the responsible populations of cells, bone marrow (BM) and stromal cells of the 251 

donor were examined. WT donors were exposed to 8 Gy (gray) irradiation the day before VCA 252 
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to eradicate BM cells, and then grafts including a femur was transplanted to β2-AR KO 253 

recipients followed by vehicle or β2-agonist injections. Both groups showed mild xerosis of 254 

grafts with intact skin anatomy (Fig. 6a), and distinct effects of β2-agonist treatment were lost 255 

in the CD4+ and CD8+ memory T cell (Fig. 6b), Th1 and Treg (Fig. 6c) populations 7 days after 256 

VCA. However, significantly lower numbers of CD4+ and CD8+ T cell infiltrations were found 257 

in the β2-agonist treated graft than the vehicle group (Fig. 6d). Further, β2-AR KO donor was 258 

irradiated, and then WT BMT was performed to generate a chimeric model including β2-AR 259 

KO stromal cells and WT BM, and vice versa (Fig. 7a). Grafts composed of β2-AR KO stromal 260 

with WT BM (KO+WT) showed more severe rejection than WT stromal with AR KO BM 261 

(WT+KO) grafts in AR KO recipients (Fig. 7a, b; KO+WT gross grade 2 and histologic grade 262 

3, WT+KO gross grade 1 and histologic grade 2). Greater amounts of CD4+ T and CD8+ T cell 263 

infiltration were found in the KO+WT grafts than the WT+KO grafts (Fig. 7b). Additionally, 264 

significant decreases of CD4+ and CD8+ memory T cell populations were detected in the spleen 265 

of mice bearing WT+KO grafts compared to mice bearing KO+WT grafts (Fig. 7c) with no 266 

significant difference on Th1 and Treg populations between groups (Fig. 7d). It means that β2-267 

AR signals in donor’s stromal cells have critical roles on recipient’s T cell trafficking.  268 

Inhibition of endothelial adhesion molecules and T cell trafficking chemokines with β2-269 

AR agonist 270 

Leukocyte extravasation is one of the essential and first steps during the initiation of 271 

cell-mediated rejection and ICAM-1/2 and VCAM-1 are the endothelial adhesion molecules 272 

that mediate firm adhesion just prior to cell extravasation36. To investigate changes of 273 

endothelial adhesion molecules in donor’s vessels after β2-agonist treatment, WT donor’s grafts 274 

in WT recipients were stained 5 days after VCA.  β2-agonist suppressed ICAM-1 and VCAM-275 

1 expression in graft vessels compared to vehicle, while the expression of ICAM-2 was 276 

increased in the 2-agonist treated group (Fig. 8a) by immunofluorescence. Also, recipient’s 277 
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plasma levels of the relevant T cell trafficking chemokines CXCL-1, CXCL-10, CCL2, CCL3, 278 

CCL4, CCL5, CCL7 and CCL11 increased significantly at day 5, and resolving by day 7. Under 279 

β2-agonist treatment, levels of CXCL-1, CXCL-10, CCL3, CCL4, CCL5 and CCL7 which are 280 

pro-inflammatory chemokines that regulates leukocytes trafficking37 were decreased 281 

significantly compared to the vehicle injection (Fig. 8b).  282 

 Effects of donor preconditioning prior to VCA with β2-AR agonist   283 

β2-agonist treatment before VCA was examined as a pre-conditioning regimen as 284 

BALB/c WT mice were given β2-agonist for 2 weeks prior to VCA (Pre-VCA) and compared 285 

to the previous experiments injecting β2-agonist after VCA (Post-VCA) (Supplementary Fig. 286 

5a). Although similar gross and histologic rejection grades were detected in the Pre-VCA group 287 

(grades 1 and 3 respectively) compared to the Post-VCA group (grades 0 and 3 respectively) 7 288 

days after surgery, the immunosuppressive effects on memory T cell populations in recipients 289 

were lost in the setting of Pre-VCA (Supplementary Fig. 5b). But, suppression of the Th1 290 

population and CD8+ T cell trafficking in Pre-VCA were comparable to Post-VCA 291 

(Supplementary Fig. 5c, d).  292 

 293 

Discussion 294 

Here, we tested a strategy that mimics the natural ability of nerves and adrenergic stress 295 

signaling to suppress T cell mediated immune responses to prolong survival of a complex tissue 296 

allograft.  Importantly, we found that we could reduce the dose of a standard 297 

immunosuppressant drug tacrolimus to half by supplementing it with a β2-AR agonist, while 298 

obtaining significant immune modulatory effects favoring graft survival. Selective β2-AR 299 

targeting drugs have been safely and extensively used for decades for other indications, 300 

particularly for cardiovascular and pulmonary manipulation38. Furthermore, at the dose of 301 

terbutaline that we used here to prolong graft survival, no changes in HR and BP were observed 302 
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with daily use, and no drug interaction with tacrolimus was found, thus supporting the safety 303 

of this approach. VCA composes of multiple tissues with different immunogenic and functional 304 

properties, including skin, muscles, bones and nerves from cadavers. Also, these cadaveric 305 

donors have little chance to match HLA types with the recipients.  As a result, these donor 306 

tissues are highly antigenic requiring very large and toxic doses of drugs such as tacrolimus12,
307 

39,40.  Mimicking the natural (and temporary) suppressive function of nerves on the immune 308 

response to promote survival of VCA, (or even that of more traditional solid organ transplants) 309 

has never been tested previously in either preclinical or clinical settings. 310 

 In non- β2-AR agonist treated animals, CD4+ T and CD8+ T cells were increased 311 

significantly in transplanted grafts at the time of rejection. Treatment with β2-AR agonist 312 

treatment was associated with significantly fewer numbers of infiltrated T cell, and decreased 313 

EM T and Th1 cell populations in recipients corresponding to the prolonged survival benefit.  314 

Although several clinical and preclinical studies have shown that Tregs modulate immune 315 

responses and that a high level of Treg population can predict better prognosis after solid organ 316 

and hematopoietic cell transplantation41, in  our VCA model, increased numbers of Tregs were 317 

detected in the presence of strong immune responses after transplant. Thus, recipients with 318 

greater levels of Treg populations showed severe gross rejection at early time points and 319 

eventual resolution of the population in the recipient’s blood and grafts after severe gross 320 

rejection was well underway. This suggests that Treg levels may influence or predict rejection 321 

of highly antigenic VCA grafts as opposed to those used in solid organ transplants, particularly 322 

at early time points. VCA was also associated with an increased immunosuppressive MDSC 323 

population compared to the non-transplanted animals, and a significant increase in MDSC was 324 

noted with β2-agonist treatment. This increase appeared consistent with β2-agonist effects in 325 

GVHD after BMT29, and may be a more potent contributor to immunosuppression than Treg 326 

induction.  327 
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 In terms of immune modulatory impact of addition of a β2-AR agonist, terbutaline  328 

delayed rejection responses in association with significant decreases in CD4+/CD8+ EM T and 329 

Th1 cell populations, cytokines and chemokines such as IFN-γ, IL-6, TNF-α, CXCL-1/10 and 330 

CCL3/4/5/7 in recipients. Additionally, β2-AR agonist treatment increased the anti-331 

inflammatory cytokine, IL-13, which was associated with concomitant down-regulation of 332 

TNF- production, a phenomenon observed in other studies42,43. IL18, CCL2 and CCL11 were 333 

particularly noted as unresponsive to β2-agonist treatment indicating that these cytokine and 334 

chemokines could be additional targets to suppress rejection responses after VCA.  335 

β2-AR signal modulation either in recipients or donors was sufficient to delay gross 336 

rejection responses, but the modulation of donor cell β2-AR resulted in a more potent effect. 337 

Specifically, donor cell AR modulation in tissue stromal cells was necessary to suppress 338 

recipient T cell trafficking into grafts. Leukocyte extravasation is a prerequisite for acute 339 

rejection in grafts, and their migration into the tissue requires the expression of adhesion 340 

molecules on the surface of activated endothelium44,45. The endothelial adhesion molecules 341 

ICAM-1 and VCAM-1 are known as the central mediators of leukocyte adhesion to and 342 

transmigration across the endothelium36,  and β2-AR agonist suppressed ICAM-1 and VCAM-343 

1 expression with concomitant decreased T cell trafficking into grafts. Of note, ICAM-2 344 

expression was increased, but did not compensate to allow T cell trafficking. As previously 345 

reported, during longer periods of inflammation, endothelial cells respond to inflammatory 346 

mediators by massive up-regulation of adhesion receptors such as ICAM-1 and VCAM-1, 347 

whereas ICAM-2 decreases46-48.  A possible explanation for our observed increase in ICAM-2 348 

is that it might represent a compensatory mechanism for decreased ICAM-1 or an additional 349 

effect of β2-AR modulation. The β2-AR agonist, terbutaline, stimulated angiogenesis on 350 

endothelial cells derived from the central nervous system49, and ICAM-2 has been associated 351 

with this process50. By regulating ICAM-2 and increasing angiogenesis, β2-agonist treatment 352 
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could reduce ischemic injury in harvested organs. Graft salvage effects of β2-agonist suggest 353 

that regulation of endothelial adhesion molecules partially contributes for the prevention of 354 

chronic rejection after VCA (Fig. 4). Another possible mechanism underlying benefits of a β2-355 

agonist is that it can increase cAMP (cyclic adenosine monophosphate) levels; cAMP is known 356 

as a potent negative regulator in T cells, which dampens T-cell immune function through the 357 

cAMP/protein kinase A signaling pathway51.   358 

β2-AR activation in donor BM cells was necessary for the observed immunosuppressive 359 

effects including suppression of IFN-γ levels in recipients. Although the donor’s hematopoietic 360 

cell (HPC) was replaced by the recipient’s HPC within 5 days after VCA in our model 361 

(Supplementary Fig. 2), it is likely that a transient mixed chimerism developed in the recipients 362 

which was sufficient for the induction of allograft tolerance52,53.  While the study of transplant 363 

tolerance is beyond the scope of this study, β2-agonist treatment could be a mechanism to 364 

facilitate the induction of tolerance and could replace at least some of the more toxic 365 

immunosuppressive drugs currently being used.   366 

Preconditioning donors with β2-agonist suppressed T cell trafficking into grafts 367 

resulting in delayed acute rejection responses, even though systemic immunosuppressive 368 

effects such as decreases in CD4+/CD8+ memory T and Th1 cell populations were missing.  369 

Interestingly, in a previous study, cadaveric kidney donors who were treated with dopamine 370 

and NE to maintain their BP and HR while intensive cares resulted in reduced acute rejection 371 

and improved graft survival after transplantation54,55, and our current findings may be the 372 

mechanism for this observation. β2-agonist addition to preservation solutions may be a 373 

relatively simple measure to improve organ transplantation, in addition to treatment of 374 

recipients.  375 

One problem with our approach is that terbutaline is a relatively short acting β2-agonist. 376 

It is likely - that the effects of β2-AR modulation with longer acting agonists (e.g., bambuterol, 377 
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salmeterol) could be superior to terbutaline. Another limitation is that our study is focused upon 378 

T lymphocytes and their role in graft rejection.  Even though current immunosuppressive 379 

therapies for solid organ transplantation appear to be dominated by T cell mechanisms (making 380 

the information presented here quite pertinent), other immune cell subtypes including 381 

components of the innate immune system and B cells are also associated with graft rejection 382 

and may be contributory to some of the observed findings.  These additional mechanisms 383 

should be addressed in future studies.    384 

In conclusion, there is a significant need to reduce the amounts of standard 385 

immunosuppressant drugs currently being given to patients receiving VCA.   We have 386 

demonstrated here that by targeting adrenergic stress pathways ordinarily used by nerves of the 387 

autonomic nervous system,  we could not only delay rejection responses but more importantly, 388 

allow for reduction of the dose of a standard immunosuppressive drug in various VCA 389 

scenarios.  We have also identified several relevant mechanisms by which this prolongation of 390 

the survival of VCA occurs. While future studies will certainly further optimize the dose and 391 

scheduling of applications of β-agonists to prolong graft survival, this approach could be tested 392 

immediately as a safe strategy for reducing the amount of highly toxic immunosuppressive 393 

drugs given to patients requiring VCA.  394 

 395 

Methods 396 

Mice 397 

Female C57BL/6 (H-2b), C57BL/6 (H-2b, CD45.1), and BALB/c (H-2d) mice aged 7-8 398 

weeks were purchased from Charles River (Kingston, NY) and The Jackson Laboratory (Bar 399 

Harbor, ME) as recipients and donors respectively. β2-AR KO mice on BALB/c and C57BL/6 400 

background are bred in-house from an established colony. Mice were fed a standard laboratory 401 

diet and housed under standard light and accommodation conditions. All animal experiments 402 
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were done with the approval of Roswell Park Comprehensive Cancer Center Animal Care and 403 

Use Committee IACUC.  404 

VCA surgery  405 

All procedures were carried out under sterile conditions by one investigator (MK) as 406 

described in our previous published work32. Briefly, a donor’s abdominal aorta and femoral 407 

vein were used for revascularization with a recipient’s common carotid artery and external 408 

jugular vein respectively using a non-suture cuff technique. We used BALB/c background 409 

strain as donors and C57BL/6 background strain as recipients because we have revealed that a 410 

BALB/c strain had a higher anatomical mutation rate on the Circle of Willis than C57BL/6 411 

strain32.  412 

Drug treatments 413 

Immunosuppression was induced in mice using tacrolimus (Sigma-Aldrich, St. Louis, 414 

MO) in doses of 2 or 4 mg/kg (in DMSO; Sigma-Aldrich, St. Louis, MO) injected 415 

subcutaneously with a micro syringe (Hamilton, Reno, NV) daily. β2-AR activation was 416 

achieved using daily intraperitoneal injections of 2 mg terbutaline (200 µL in DPBS; Corning 417 

Inc., Corning, NY). The same DPBS was used for vehicle. 418 

HR and BP measurement 419 

A noninvasive blood pressure monitoring system (CODA, Kent Scientific corporation, 420 

Torrington, CT) was used to measure HR and BP in mice56. Mice were acclimated with the 421 

system for 10 days prior to initiating experimental measurements.  422 

Blood collection 423 

Blood was collected from the right superficial temporal vein (STV) using a sterile 5-424 

mm animal lancet (Medipoint, INC., Mineola, NY) after anesthesia induction. The STV is a 425 

large vessel positioned posterior to the eye, which can be traced one eye length back and one 426 

eye width up from the sebaceous gland57. Concentrations of tacrolimus were measured in 427 
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plasma prepared from the collected blood samples by VITROS 5.1 FS (Ortho Clinical 428 

Diagnostics, Inc., Rochester, NY). 429 

H&E and IHC staining  430 

Following standard euthanasia, grafted tissue was harvested and fixed in 10% 431 

formaldehyde (Thermo Scientific, Waltham, MA), and then tissue was embedded in paraffin. 432 

Formalin fixed paraffin sections were cut at 4µm, placed on charged slides, and dried at 60°C 433 

for one hour.  Slides were cooled to room temperature and added to the Leica Bond Rx, where 434 

they were deparaffinized with Bond Dewax Solution (Leica, Allendale, NJ) and rinsed in water. 435 

Bond Epitope Retrieval 2 (Leica, Allendale, NJ) was used for target retrieval for 30 436 

minutes. Slides were blocked using peroxide block from Bond Polymer Refine Detection kit 437 

(Leica, Allendale, NJ) for 5 minutes. Slides were incubated with CD4 Antibody (Abcam, 438 

Cambridge, United Kingdom) at 1/1000 or CD8 (Abcam, Cambridge, United Kingdom) at 439 

1/1000 or FOXP3 (Boster Biological Technology, Pleasanton, CA) at 1/50 for 20 minutes 440 

followed by Rabbit Envision (Agilent Technologies, Santa Clara, CA) for 30 minutes. DAB 441 

(Diaminobenzidine) from the Bond Polymer Refine Detection kit (Leica, Allendale, NJ) was 442 

applied for 10 minutes for visualization. Slides were counterstained with Hematoxylin from 443 

the Bond Polymer Refine Detection kit (Leica, Allendale, NJ) for 8 minutes then placed into 444 

water. After removing slides from the Bond they were dehydrated, cleared, and cover-slipped. 445 

Immunofluorescence histology 446 

OCT (Sakura Finetek, Tokyo, Japan)-embedded tissue cryosections (9 μm-thick) were 447 

fixed at -20°C in methanol/acetone (3:1), blocked using 10% serum, and stained with primary 448 

antibodies anti-mouse ICAM-1, ICAM-2, VCAM-1 antibodies (BD Biosciences, San Jose, CA) 449 

and anti-mouse CD31 antibody (Abcam, Cambridge, United Kingdom). Images of at least 5 450 

consecutive fields (unit area of each field, 0.34 mm2) were captured by observers blinded to 451 

sample identity. Identical exposure times and image settings were used within each experiment. 452 
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Images were analyzed with ImageJ software (NIH, Bethesda, MD) for determination of the 453 

relative fluorescence staining intensity; regions of interest were defined based on CD31 454 

fluorescence, and each pixel in identified regions was assigned a fluorescence intensity value 455 

(based on a scale from 0 to 255). 456 

Flow Cytometry 457 

Spleens were mechanically disrupted and directly passed through a 70 μm nylon cell strainer 458 

(Alkali Scientific, Pompano Beach, FL) followed by lysing red blood cells with hypotonic lysis 459 

buffer (Gibco, Gaithersburg, MD). Single-cell suspensions were created from whole tissue 460 

transplanted grafts using the Medimachine tissue disruption system (Beckton Dickinson, 461 

Franklin Lakes, NJ), followed by leukocyte isolation using Lymphoprep (Stemcell 462 

Technologies, Vancouver, Canada). Prepared cells were stained with different antibodies for 463 

extracellular and intracellular markers. Antibodies of CD45 (BUV395, clone; 30-F11), CD45.1 464 

(BUV395, clone; 20), CD45.2 (BV605, clone; 104), CD3 (Alexa Fluor 700, 17A2), CD4 465 

(PerCp, clone; RM4.5), CD8 (Alexa Fluor 488, clone; 53-6.7), CD25 (APC, clone; PC61), 466 

CD44 (V450, clone; IM7), CD62L (PE, clone; MEL-14), Foxp3 (PE, clone; MF23), IFN- 467 

(PE-CF594, clone; XMG1.2), IL4 (APC, clone; 11B11), and IL17 (BV421, clone; TC11-468 

18H10) were used (BD Bioscience, San Jose, CA). All data were collected on an LSR Fortessa 469 

flow cytometer (BD Biosciences, San Jose, CA) and analyzed with WinList 9.0 software 470 

(Verity Software House, Topsham, ME). 471 

Luminex assay 472 

Plasma was prepared from collected blood after a 20-minute centrifuge at 800g without 473 

using a brake. Mouse 11-plex cytokine and 9-plex chemokine were performed by Flow and 474 

Imaging Cytometry Shared Resource, Luminex Division at Roswell Park Comprehensive 475 

Cancer Center per the manufacturer’s instructions (Invitrogen, Carlsbad, CA). 476 

Bone marrow chimeras 477 
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Chimeras were generated between BALB/c WT and β2-AR KO mice as donors. 478 

Recipient mice were lethally irradiated with 8.0 Gy of total body irradiation (Cesium137 source). 479 

One day after irradiation, BM was reconstituted with the intravenous injection via a tail vein 480 

of 10 × 106 donor cells. Reconstituted mice were used 8 weeks after BMT.  481 

Assessment of rejection grade   482 

Gross rejection grades and pathology rejection grades were evaluated by M.K. and 483 

P.N.B. respectively based on the Banff 2007 working classification of skin-containing 484 

composite tissue allograft pathology35. 485 

Statistical analysis 486 

Comparison between groups were performed using Student’s t test, and statistical 487 

significance was accepted with p < 0.05. Log-rank (Mantel-Cox) test was used for survival 488 

comparisons between groups using GraphPad Prism, Version 8 software (GraphPad Software, 489 

Inc., La Jolla, CA). 490 

 491 
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Figures: 724 

 725 

Fig. 1: β2-AR agonist delays rejection responses after VCA. a Examples of each clinical and 726 

histologic rejection grade in a murine heterotopic hind limb transplant performed in a total 727 
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MHC-mismatch. Scale bar; 50 µm. b Gross (clinical) rejection grades depending on different 728 

treatments after VCA. Vehicle; n= 8, β2; n= 4, hTac; n= 4, hTac+β2; n= 4, fTac; n= 6. c 729 

Histologic rejection grades depending on different treatments after VCA, n= 4/group. 730 

 731 
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Fig. 2: β2-AR agonist decreases T cell infiltration in transplanted grafts along with lower 732 

numbers of Foxp3 positive cells compared to the vehicle injected group. a, b 733 

Representative figures for H&E and IHC with CD8, CD4, and Foxp3 antibodies with either  734 

vehicle or β2-agonist treatment for 5 days. The borderline (black dotted line) differentiates 735 

recipient and donor, scale bar; 400 μm. c Numbers of CD4, CD8, and Foxp3 positive cells in 736 

grafts 5 days after VCA. Over 8 fields from 3 mice/group *; p< 0.05 by Student’s t test, error 737 

bar; standard error of the mean. d Compositions of CD4+/CD8+ central memory (CM) and 738 

effector memory (EM) T cell populations in transplanted grafts 5 days after VCA. Control; 739 

non-vascularized donor grafts, n= 5, ns; not significant, *; p< 0.05 by Student’s t test, error bar; 740 

standard error of the mean. e Representative figures for H&E stain at different time points after 741 

VCA. Scale bar; 200 µm. f Numbers of CD4+ and CD8+ T cells in grafts 5, 7 and 10 days after 742 

VCA in the hTac+vehicle and the hTac+β2-agonist treated groups. Over 5 fields from n= 743 

3/group, *; p< 0.05 by Student’s t test, error bar; standard error of the mean. g Compositions 744 

of CD4+/8+ CM and EM T cell populations in transplanted grafts 7 days after treatment either 745 

with hTac or hTac+β2-agonist. n= 3, ns; not significant, error bar; standard error of the mean. 746 
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 747 

Fig. 3: β2-AR agonist decreases CD4+/CD8+ EM T and Th1 cell populations, and 748 

significantly decreases cytokine levels such as IFN-γ, IL-6 and TNF- compared to the 749 

vehicle group in recipients’ blood. a, b Compositions of CD4+/CD8+ CM/EM T cell 750 
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populations in the blood 5 and 7 days either with vehicle or β2-agonist after VCA without 751 

tacrolimus. Day 5; n≥ 9, Day 7; n= 5, control; non-transplanted animals, ns; not significant, *; 752 

p< 0.05 by Student’s t test, error bar; standard error of the mean. c, d Compositions of 753 

CD4+/CD8+ CM/EM T cell populations in the blood 7 and 10 days with either vehicle or β2-754 

agonist after VCA with a half dose of tacrolimus (hTac). Day 7; n= 4, Day 10; n≥ 12, ns; not 755 

significant, *; p< 0.05 by Student’s t test, error bar; standard error of the mean. e, f Th1 and 756 

Treg cell populations in CD4+ T cells without and with tacrolimus after VCA with either vehicle 757 

or β2-agonist treatments. Day 7; n≥ 6, Day 10; n≥ 4, ns; not significant, *; p< 0.05 by Student’s 758 

t test, error bar; standard error of the mean. g In the setting of wild type (WT) donors and WT 759 

recipients VCA without tacrolimus, various cytokine levels were analyzed 5 and 7 days after 760 

transplant by Luminex assay. n= 6; pooled data from duplicate samples, *; p< 0.05 by Student’s 761 

t test, error bar; standard error of the mean. 762 
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 763 

Fig. 4: β2-AR agonist injected group achieves significantly longer graft survival than the 764 

vehicle injected group with a suboptimal dose of tacrolimus. a WT recipients having WT 765 

donor grafts were treated with a full dose (optimal) of tacrolimus (fTac) for 14 days, and then 766 

treated with either vehicle or β2-agonist after cessation of fTac. b CD4+/CD8+ CM and EM T 767 

cell compositions were analyzed in the blood 21 days after VCA, 7 days after treatment with 768 
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either vehicle or β2-agonist. n= 6, ns; not significant, *; p< 0.05 by Student’s t test, error bar; 769 

standard error of the mean. c Graft survival curves. n= 5, ns; not significant by Log-rank test 770 

using GraphPad Prism. d WT recipients were treated with a half dose (subtherapeutic) of 771 

tacrolimus along with vehicle or β2-agonist after 14-day fTac injections. e CD4+/CD8+ CM and 772 

EM T cell compositions were analyzed in the blood 28 days after VCA, 14 days after treatment 773 

with either vehicle or β2-agonist. n= 5, ns; not significant by Student’s t test, error bar; standard 774 

error of the mean. f Graft survival curves. n= 5, *; p< 0.05 by Log-rank test with GraphPad 775 

Prism. 776 
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 777 

Fig. 5: Modulation of β2-AR signaling in donors is more effective to delay rejection 778 

responses than the modulation in recipients. a BALB/c β2-AR KO donors were transplanted 779 

to C57BL/6 recipients with either vehicle or β2-agonist injections. b, c Compositions of 780 
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CD4+/CD8+ CM/EM T cell populations in the spleen 5 and 7 days with either vehicle or β2-781 

agonist after VCA without tacrolimus in WT recipients receiving BALB/c β2-AR KO grafts. 782 

Day 5; n= 6, Day 7; n≥ 6, ns; not significant, *; p< 0.05 by Student’s t test, error bar; standard 783 

error of the mean.  d Th1 and Treg cell populations in CD4+ T cells after vehicle or β2-agonist 784 

treatments in WT recipients receiving BALB/c β2-AR KO grafts. n≥ 4, ns; not significant, *; 785 

p< 0.05 by Student’s t test, error bar; standard error of the mean.  e BALB/c WT donors were 786 

transplanted to C57BL/6 β2-AR KO recipients with either vehicle or β2-agonist injections. f, g 787 

Compositions of CD4+/CD8+ CM/EM T cell populations in the spleen 5 and 7 days with either 788 

vehicle or β2-agonist after VCA without tacrolimus in β2-AR KO recipients receiving BALB/c 789 

WT grafts. Day 5; n≥ 3, Day 7; n≥ 6, ns; not significant, *; p< 0.05 by Student’s t test, error 790 

bar; standard error of the mean. h Th1 and Treg cell populations in CD4+ T cells with either 791 

vehicle or β2-agonist treatments in β2-AR KO recipients receiving BALB/c WT grafts. n≥ 3, 792 

ns; not significant, *; p< 0.05 by Student’s t test, error bar; standard error of the mean.  i 793 

Representative figures for IHC with CD4, CD8 and Foxp3 antibodies with β2-agonist treatment 794 

for 5 days in WT recipients bearing AR KO donor’s grafts (KO→WT) and AR KO recipients 795 

bearing WT donor’s grafts (WT→KO).  Over 9 fields from n= 3/group, ns; not significant, *; 796 

p< 0.05 by Student’s t test, error bar; standard error of the mean, scale bar; 400 µm. 797 
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 798 

Fig. 6: β2-AR agonist has effects with donor’s stromal cells to inhibit T cell trafficking 799 

into transplanted grafts. a BALB/c WT mice as a donor was exposed to 8 Gy irradiation the 800 

day before surgery, the composite graft was transplanted to C57BL/6 β2-AR KO recipients with 801 

either vehicle or β2-agonist treatments without tacrolimus. b, c Compositions of  CD4+/CD8+ 802 
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CM and EM T cell populations and Th1 and Treg populations. n≥ 3, ns; not significant, *; p< 803 

0.05 by Student’s t test, error bar; standard error of the mean.  d IHC with CD4/CD8 antibodies, 804 

and cells were counted by ImageJ program. Over 5 fields from n= 3/group, ns; not significant, 805 

*; p< 0.05 by Student’s t test, error bar; standard error of the mean, scale bar; 400 μm. 806 

 807 
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Fig. 7: β2-AR agonist has effects with donor’s stromal cells to inhibit T cell trafficking 808 

into transplanted grafts. a BALB/c AR KO and WT donors were exposed to 8 Gy irradiation, 809 

and then BALB/c WT and AR KO BM were transplanted respectively. After 8-week BM 810 

transplantation (BMT), VCA was performed on C57BL/6 AR KO recipients followed by β2-811 

agonitst treatment for 7 days. b H&E and IHC with CD4 and CD8 antibodies, 6 fields from n= 812 

3/group, *; p< 0.05 by Student’s t test, error bar; standard error of the mean, scale bar; 200 μm. 813 

c, d Systemic compositions of CD4+/CD8+ CM/EM T cell populations and Th1 and Treg cell 814 

populations in CD4+ T cells 7 days after VCA with β2-agonist treatment in C57BL/6 AR KO 815 

recipients having a graft from either BALB/c β2-AR KO with WT BMT (KO+WT) or BALB/c 816 

WT with AR KO BMT (WT+KO). n≥ 3 ns; not significant, *; p< 0.05 by Student’s t test, error 817 

bar; standard error of the mean. 818 
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 819 

Fig. 8: β2-AR agonist suppresses ICAM-1 and VCAM-1 expression in donor grafts, and 820 

significantly decreases CXCL-1, CCL4, and CCL5 in recipients’ blood. a 821 

Immunofluorescence (IF) and image quantification were performed 5 days after VCA with WT 822 
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donors and recipients followed by either vehicle or β2-agonist injections.  ICAM-1, VCAM-1, 823 

ICAM-2 and CD31 antibodies were used. Histograms depict quantification of IF intensity of 824 

each antibody in all CD31+ vessels; numbers denote Micro-Flow Imaging (MFI). All data are 825 

representative of duplicate experiments, n= 3, scale bar; 100 μm. b Using Luminex assay, in 826 

the setting of WT donors and WT recipients VCA without tacrolimus, various chemokine levels 827 

were analyzed 5 and 7 days after transplant. n= 6; pooled data from duplicate samples, ns; not 828 

significant, *; p< 0.05 by Student’s t test, error bar; standard error of the mean. 829 
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Supplementary Materials: 848 

 849 

Supplementary Fig. 1: A schematic illustration of our VCA model and the safety of a 850 

selective β2-adrenergic receptor (AR) agonist drug, terbutaline. a BALB/c and C57BL/6 851 

strains were used as donors and recipients respectively. En bloc tissue composed of skin, 852 

subcutaneous fat, muscle, vessels and femur was transplanted to a recipient’s cervical area. b 853 

Systolic and diastolic blood pressure (BP) with heart rates (HR) were measured after everyday 854 

injection of with either vehicle (PBS) or β2-agonist (terbutaline; 2 mg/day). Mice were 855 

acclimated to the BP and HR measuring procedures for 10 days before recording data. 856 

Representative data between 2 different experiments, n= 5. c Concentrations of tacrolimus in 857 

plasma were analyzed 14 days after subcutaneous injections with either a half dose of 858 

tacrolimus (hTac; 2 mg/kg/day) or a full dose of tacrolimus (fTac; 4 mg/kg/day). 859 
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Representative data between 2 different experiments, n= 5, ns; not significant, *; p< 0.05 by 860 

Student’s t test, error bar; standard error of the mean. 861 

 862 

863 

Supplementary Fig. 2: The composition of donor’s and recipient’s leukocytes in donor 864 

grafts and recipient blood 5 and 7 days after VCA. a, b Source of infiltrated T cells in 865 

transplanted grafts and recipient’s blood between recipient (CD45-1) and donor (CD45-2). 866 

Control; non-vascularized grafts, n≥ 3, ns; not significant, *; p< 0.05 by Student’s t test, error 867 

bar; standard error of the mean.  868 

 869 
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 870 

Supplementary Fig. 3: Pathologic findings 5 and 7 days after VCA with either vehicle or 871 

β2-agonist injections. a, b Representative H&E images revealed epithelial dyskeratosis 872 

(arrowhead) and apoptosis (arrow) in the vehicle injected group (a; rejection grade 3) not in 873 

the β2-agonist injected group (b; rejection grade 2) 5 days after VCA, scale bar: 50 µm. c, d 874 
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Representative figures for H&E and IHC with CD8, CD4, and Foxp3 antibodies either with 875 

vehicle or β2-agonist treatment for 7 days. e Numbers of CD4, CD8, and Foxp3 positive cells 876 

in grafts 7 days after VCA. 9 fields from 3 grafts per group, ns; not significant, error bar; 877 

standard error of the mean. f Compositions of CD4+/CD8+ CM and EM T cell populations in 878 

transplanted grafts 7 days after VCA. Control; non-vascularized grafts, n= 5, ns; not significant, 879 

*; p< 0.05 by Student’s t test, error bar; standard error of the mean, scale bar; 400 µm. 880 

 881 

 882 

Supplementary Fig. 4: Numbers of Foxp3+ cell in transplanted grafts and the composition 883 

of Treg (CD4+CD25+Foxp3+) population with fTac injections after VCA. a Representative 884 

figure for H&E and IHC with numbers of CD4, CD8 and Foxp3 cells 10 days after VCA. 5 885 

fields from 3 grafts, error bar; standard error of the mean, scale bar; 400 μm. b The Treg 886 
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population was analyzed with recipient’s spleen 30 days after VCA. Control; a mouse without 887 

VCA, n= 4, ns; not significant, error bar; standard error of the mean. 888 

 889 
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Fig. 5: Preconditioning in donors with β2-AR agonist delays rejection responses through 890 

suppression of T cell trafficking in the grafts. a BALB/c donor mice were injected with β2-891 

agonist for 2 weeks before VCA (Pre-VCA), and then β2-agonist treatment was stopped after 892 

the surgery in C57BL/6 AR KO recipients. Representative figures, scale bar; 400 μm. b 893 

Systemic compositions of CD4+/CD8+ CM and EM T cell populations 7 days after VCA. c Th1 894 

and Treg cell populations in CD4+ T cells. n≥ 4 mice *; p< 0.05 by Student’s t test, ns; not 895 

significant, error bar; standard error of the mean. d Numbers of CD4 and CD8 positive cells in 896 

grafts 7 days after VCA. Over 10 fields from 3 mice/group *; p< 0.05 by Student’s t test, ns; 897 

not significant, error bar; standard error of the mean, scale bar; 400 µm. Data with empty circles 898 

(Post-VCA); historical data. 899 

 900 

Supplementary Table 1: Visual and histologic grading system for assessment of rejection 901 

after VCA 902 

 903 

 904 


