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Abstract

Early insults associated with cardiac transplantation increase the immunogenicity of donor 

microvascular endothelial cells (ECs), which interact with recipient alloreactive memory T-cells 

and promote responses leading to allograft rejection. Thus, modulating EC immunogenicity 

could potentially alter T-cell responses. Recent studies have shown modulating mitochondrial 

fusion/fission alters immune cell phenotype. Here, we assess whether modulating mitochondrial 

fusion/fission reduces EC immunogenicity and alters EC-T-cell interactions. By knocking down 

DRP1, a mitochondrial fission protein, or by using the small molecules M1, a fusion promoter, 

and Mdivi1, a fission inhibitor, we demonstrate that promoting mitochondrial fusion reduced 

EC immunogenicity to allogeneic CD8+ T-cells, shown by decreased T-cell cytotoxic proteins, 

decreased EC VCAM-1, MHC-I expression, and increased PD-L1 expression. Co-cultured T-

cells also displayed decreased memory frequencies and Ki-67 proliferative index. For in-vivo 
significance, we used a novel murine brain-dead donor transplant model. Balb/c hearts pretreated 
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with M1/Mdivi1 after brain-death induction were heterotopically transplanted into C57BL/6 

recipients. We demonstrate that, in line with our in-vitro studies, M1/Mdivi1 pretreatment 

protected cardiac allografts from injury, decreased infiltrating T-cell production of cytotoxic 

proteins, and prolonged allograft survival. Collectively, our data show promoting mitochondrial 

fusion in donor ECs mitigates recipient T-cell responses and leads to significantly improved 

cardiac transplant survival.

1- INTRODUCTION

Despite the steady advancement of cardiac transplantation, long-term survival has not 

significantly improved due to early factors in the transplant process.1–3 Donor brain death 

(BD) activates multiple immunological components and predisposes a cardiac allograft to 

pro-inflammation.4–6 Subsequently, cold storage (CS) and ischemia-reperfusion injury (IRI) 

further exacerbate the heightened immunogenicity of the allograft.7 Sitting at the interface 

between the donor allograft and the recipient immune system are donor endothelial cells 

(ECs), which play a central role in an allograft’s immunogenicity as semi-professional 

antigen-presenting cells.8 Early injuries induced by brain death, CS, and IRI activate and 

prime these cells to be immunogenic. Upon allograft implantation and reperfusion, ECs 

interact with recipient circulating alloreactive memory T-cells (Tmems) which subsequently 

infiltrate the cardiac allograft and mediate allograft rejection.9–15

Current standard-of-care immunosuppression prevents activation of naïve T-cells but has 

minimal impact on Tmems, and thus Tmems are a barrier to transplant tolerance.16–18 Since 

Tmems interact directly with ECs,11 modulating the immunogenicity of donor ECs early in 

the transplant process could potentially reduce alloreactive Tmems responses. Also, treating a 

cardiac allograft prior to recipient implantation could potentially minimize side effects in the 

recipient.

Several studies have shown an important link between mitochondrial dysregulation and 

allograft rejection.19–26 Mitochondrial fusion/fission plays an important role in regulating 

mitochondrial fitness and cellular health. Fusion is mediated by several key machinery 

proteins, including mitofusin-1, mitofusin-2, and optic atrophy-1. Fission, on the other 

hand, is mediated by dynamin-related protein 1 (DRP1) and other accessory proteins.27, 28 

In transplantation, CS-IRI affects expression and processing of fusion/fission machinery 

proteins, leading to mitochondrial injury and impaired graft function.29 However, whether 

these alterations in donor graft mitochondrial fusion/fission has an impact on immunological 

outcomes remains unknown.

In non-transplant settings, mitochondrial fusion/fission has been shown to regulate immune 

cell phenotype, including dendritic cell differentiation and migration,30 and effector-memory 

functional transformation in T-cells.31 Yet, whether mitochondrial fusion/fission regulates 

the immunological phenotype of ECs has not been reported. Furthermore, in the heart, 

modulating mitochondrial fusion/fission exhibits protective effects against focal IRI. 

In myocardial infarction mouse models, inhibiting mitochondrial fission stabilizes the 

cardiac microvasculature, maintains an intact endothelial barrier, and protects mitochondrial 

membrane potentials of ECs.32–34 Yet, whether inhibiting mitochondrial fission/promoting 
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mitochondrial fusion provides protection against injury in transplant has not been 

investigated.

We have previously shown that modulating mitochondrial bioenergetics in ECs reduces their 

immunogenicity and leads to a favorable T-cell response.35 Based on these observations, 

we hypothesized that modulating mitochondrial fusion/fission in donor ECs will provide 

protection from IRI and promote an EC immunological phenotype that decreases Tmems 

responses. In the present study, using in-vitro and in-vivo models, we promote mitochondrial 

fusion/inhibit mitochondrial fission in donor ECs and assess the impact on EC-T-cell 

interactions and subsequent cardiac transplant outcomes.

2- MATERIALS AND METHODS

Animals:

Male Balb/c and C57BL/6 mice, 8 to 12 weeks old (Jackson Laboratory, Bar Harbor, ME), 

were used for all co-culture and in vivo experiments. Mice were housed under conventional 

conditions at Medical University of South Carolina (MUSC, Charleston, SC). All procedures 

were performed accordingly to animal protocols approved by MUSC Committee for Animal 

Research in accordance with the NIH Guide for Care and Use of Laboratory Animals.

Additional Materials and Methods:

Details regarding cell lines and culture media, pharmacologic agents, confocal imaging, 

antibodies for immunoblotting and flow cytometry, oxygen consumption assay, memory 

CD8+ T-cells generation and EC-T-cell co-culture, cold storage and warm reperfusion 

model, normothermic activation model, live/dead cell staining and counting, brain-death 

induction and heterotopic heart transplantation, primary cell isolation, transmission 

electron microscopy, trans-endothelial electrical resistance assays, cardiac injury assessment, 

histological analysis, and statistical analysis can be found in the online Supporting 

Information.

3- RESULTS

3.1- Genetic Alteration of Mitochondrial Fission Machinery Reduces Cardiac 
Microvascular EC Immunogenicity

With previous reports indicating that inhibiting mitochondrial fission to promote fusion can 

modulate the immunological phenotypes of T-cells and mast cells,31, 36 we reasoned that 

inhibiting mitochondrial fission in ECs would alter their immunogenicity. To determine the 

impact of mitochondrial fission inhibition in ECs, we generated DRP1 knock-down cells 

(DRP1KDs) by stably transfecting mouse microvascular cardiac endothelial cells (MCECs) 

with shRNAi plasmid, and subsequently maintained selection media. Fission machinery 

knock-down was validated by DRP1KD mitochondrial morphology imaging, which revealed 

significant elongation of the mitochondria as compared to wildtype MCECs (Figure-1A). 

Additionally, DRP1 levels in DRP1KDs were reduced compared to wildtype MCECs, 

as determined by Western blotting (Supplemental Figure-1). To determine what other 

impact DRP1 knock-down had on the mitochondria, we assessed mitochondrial mass of 
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DRP1KDs, with Mitotracker Green as previously described.37 Inhibiting fission was known 

to increase mitochondrial mass in immune cells,31 and consistent with this study, we found 

that DRP1KDs had a significantly increase in mitochondrial mass compared to wildtype 

MCECs (Figure-1B). To determine whether these mitochondrial structural changes affected 

function, we utilized Seahorse bioenergetic flux assays and demonstrated that mitochondrial 

fitness, represented by spare respiratory capacity, in DRP1KDs was significantly increased 

as compared to wildtype controls (Figure-1C).

We next sought to determine whether knocking down DRP1 altered EC immunogenicity, 

and specifically whether these changes altered EC-T-cell interactions. We utilized a 

previously reported EC-T-cell co-culture system in which T-cells were procured from 

mice that had been pre-sensitized to donor ECs, thus recapitulating the in-vivo scenario 

of pre-sensitized Tmems.35, 38 We have shown that co-cultures using T-cells from non-

sensitized animals showed little to no alloreactivity (Supplemental Figure-2). Using this 

normothermic co-culture model with pre-sensitized allogeneic CD8+ T-cells, in which 

DRP1KDs or wildtype MCECs were co-cultured with CD8+ T-cells for 7 days, DRP1 

knock-down was associated with a marked reduction in secreted IFNγ and granzyme-B 

(Figure-1D). In the clinical setting, cold storage-ischemia reperfusion injury (CS-IRI) 

associated with cardiac hypothermic preservation exacerbates EC immunogenicity.7 Thus, 

we subsequently examined whether an EC immunogenicity reduction would be similarly 

observed in the setting of hypothermic preservation. Using a clinically relevant CS-IRI 

model described previously,35 we first assessed DRP1KD mitochondrial morphology at 1 

hour post-reperfusion following CS in UW solution, and found mitochondrial morphology 

was unaltered by CS (Figure-1E). To dissect the impact of EC immunogenicity, after 6 

hours of CS and upon reperfusion, DRP1KDs or wildtype MCECs were co-cultured with 

pre-sensitized allogeneic CD8+ T-cells for 7 days, as described above. In keeping with 

our normothermic data, IFNγ and granzyme-B were significantly reduced in DRP1KD vs 

wildtype MCEC co-cultures (Figure-1F).

3.2- Pharmacological Modulation of Mitochondrial Fusion/Fission Prior to Pro-
inflammatory Cytokine Insult Reduces EC Immunogenicity

For clinical relevance, we determined whether pharmacological modulation of mitochondria 

in MCECs could recapitulate outcomes seen in DRP1KDs. Here, MCEC mitochondrial 

fusion was forced using M1, a mitochondrial fusion promoter, and Mdivi1, a mitochondrial 

fission inhibitor that blocks the self-assembly of DRP1. This combination has been reported 

to maximally skew mitochondrial fusion/fission toward fusion.31, 32 When MCECs were 

treated with M1/Mdivi1 for 24 hours, mitochondria were significantly elongated compared 

to untreated controls, as determined by confocal microscopy analysis (Figure-2A). To 

similarly determine the impact of mitochondrial therapy on MCEC immunogenicity, we 

repeated the co-culture experiments with pre-sensitized allogeneic CD8+ T-cells. In keeping 

with our DRP1KD data, secretion of IFNγ and granzyme-B were significantly decreased in 

co-cultures where MCECs were pretreated with M1/Mdivi1 compared to untreated controls 

(Figure-2B).
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In the clinical setting, IRI promotes the secretion of pro-inflammatory cytokines by innate 

immune cells, and within this pro-inflammatory microenvironment, ECs are activated to 

become immunogenic.39 To investigate whether promoting fusion/inhibiting fission prior 

to such pro-inflammatory cytokine insult could prevent EC immunogenicity, we pretreated 

MCECs with M1/Mdivi1, activated them with TNFα/IFNγ, and performed flow cytometry 

for EC surface markers (gating strategy and live/dead staining shown in Supplemental 

Figure-3A). While M1/Mdivi1 treatment induced no changes when cells were in their 

resting state, pre-treating cells with the mitochondrial drugs prior to TNFα/IFNγ activation 

reduced surface expression of the adhesion molecules VCAM-1 and ICAM-1 compared to 

untreated controls (Figure-2C). Other EC activation and T-cell inhibition markers, including 

P-selectin, CD80, PD-L1 did not show any discernable differences following TNFα/IFNγ 
activation. Given these basal data, we next determined whether T-cell co-culture altered EC 

activation markers after 4 days co-cultured with allogeneic CD8+ T-cells. We found that 

PD-L1 was significantly up-regulated in the M1/Mdivi1-pretreated MCECs compared to 

the untreated controls (Figure-2C). Since PD-L1 inhibits T-cell function,40 we investigated 

whether PD-L1 expression changes were responsible for the observed inhibition of T-cell 

activity. Using our co-culture model, M1/Mdivi1-pretreated MCECs were co-incubated with 

allogeneic CD8+ T-cells in the presence of anti-PD-L1 blocking antibodies, which resulted 

in the previously observed effect being partially abrogated (Figure-2D).

3.3- Pharmacological Modulation of Mitochondrial Fusion/Fission Prior to Cold Storage 
Reduces EC Immunogenicity after Reperfusion

As M1/Mdivi1 pre-treatment reduced EC immunogenicity to allogeneic T-cells, we next 

investigated whether the same effects could be observed, for clinical translational relevance, 

in a CS-IRI setting. In this clinically relevant model, we pretreated MCECs with M1/Mdivi1 

for 6 hours in warm culture media, withdrew the drugs, then subjected the cells to CS-IRI.35 

As a means of validation, at 1-hour post-reperfusion, we imaged MCEC mitochondria and 

found that mitochondria in M1/Mdivi1-pretreated cells retained an elongated morphology 

compared to CS controls (i.e. untreated cells undergoing CS-IRI) (Figure-3A). To assess 

immunogenicity, upon reperfusion, we co-incubated M1/Mdivi1-pretreated MCECs or 

untreated controls with pre-sensitized allogeneic CD8+ T-cells for 7 days. At the end of 

the co-culture, we found the levels of secreted IFNγ and granzyme-B were significantly 

reduced in pretreated cells compared to untreated controls (Figure-3B). Of note, IFNγ and 

granzyme-B levels in the control groups in the more translationally relevant CS-IRI model 

were higher, as compared to those in the control groups of the normothermic cytokine-insult 

model. Yet, M1/Mdivi1 EC pretreatment still significantly reduced IFNγ and granzyme-B 

secretion by T-cells to similar extents (Figure-2B, Figure-3B).

As promoting fusion/inhibiting fission with M1/Mdivi1 was observed to alter MCEC surface 

markers in the normothermic model, we sought to determine whether the same effects 

occurred in the CS-IRI model. Since we have previously shown that following CS-IRI, 

mitochondrial physiology and the associated immunological changes of ECs occur during 

the first 24 hours post-reperfusion,35 we chose 6 and 24 hours post-reperfusion as our main 

focus. We performed flow cytometry on a panel of surface markers and the proliferative 

index Ki-67 (gating strategy and live/dead staining shown in Supplemental Figure-3A), 
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and found that at 6 hours post-reperfusion, VCAM-1, MHC-I, Ki-67 were significantly 

decreased, while PD-L1 was significant increased. These effects were more pronounced at 

24 hours post-reperfusion, except that MHC-I levels returned to normal at this time point 

(Table-1) (Figure-3C to Figure-3F). There were no significant changes associated with other 

markers, including ICAM-1, P-selectin, CD80 (Table-1). Of note, M1/Mdivi1 pre-treatment 

did not impact MCEC viability, as shown by fluorescent cell counts with acridine orange/

propidium iodide differential staining (Supplemental Figure-3B). We further delineated PD-

L1 implication in our model with PD-L1 blockade experiments using the co-culture model 

described above in Figure-3B, in which following reperfusion we co-incubated pretreated 

MCECs and allogeneic CD8+ T-cells in the presence of anti-PD-L1 antibodies. We found 

that PD-L1 blockade completely abrogated M1/Mdivi1 effects (Figure-3G). Given MCECs 

at baseline have some PD-L1 expression, and to control for any direct impact of PD-L1 

blockade on EC-T cell interactions, we treated control MCECs in simulated cold storage-IRI 

model with PD-L1 blockade. As anticipated, we could not demonstrate any impact of PD-L1 

blockade on EC immunogenicity in our control MCEC-T cell co-cultures (Supplemental 

Figure-4).

Mdivi1 has been reported to protect the mitochondria from oxidative stress,41 and 

therefore the observed T-cell immunomodulation induced by M1/Mdivi1 could be due 

to its antioxidant property rather than fusion/fission-specific effects. To address this, we 

performed a series of experiments using N-acetylcysteine (NAC), an antioxidant that 

protects cardiac allografts against IRI.42 First, to verify the antioxidant property M1/Mdivi1 

might possess in our model, we subjected control MCECs, M1/Mdivi1-pretreated MCECs, 

NAC-pretreated MCECs, or DRP1KDs to CS-IRI. Upon reperfusion, we stained the cells 

with MitoSOX Red to detect mitochondrial reactive oxygen species. Our results revealed 

that M1/Mdivi1 exhibited an antioxidant effect similar to NAC, a property that was 

not associated with fission inhibition by DRP1 knock-down (Supplemental Figure-5A). 

Subsequently, we co-cultured these cells with allogeneic T-cells upon reperfusion to 

determine their immunogenicity. Levels of secreted IFNγ and granzyme-B at the end of 

co-cultures demonstrated that the antioxidant property and the anti-inflammatory property 

were independent of each other, as NAC-pretreated MCECs had similar immunogenicity to 

control MCECs, while DRP1KDs, which were susceptible to mitochondrial oxidative stress, 

displayed decreased immunogenicity to allogeneic T-cells (Supplemental Figure-5B).

3.4- Pharmacologic Modulation of Mitochondrial Fusion/Fission in ECs Mitigates the 
Alloimmune Response of Co-cultured T-cells

Since pre-treating MCECs with M1/Mdivi1 prior to CS significantly reduced their 

immunogenicity to allogeneic CD8+ T-cells and altered the expression of their surface 

markers and proliferative index, we next investigated whether changes in EC immunological 

phenotype could alter the T-cell response. Using the CS-IRI model with pre-CS M1/Mdivi1 

treatment, upon reperfusion we again co-cultured pretreated MCECs or untreated controls 

with pre-sensitized allogeneic CD8+ T-cells. After 48 hours of co-culture, we performed 

flow cytometry on CD8+ T-cells for markers of memory phenotype, proliferative index, 

and intracellular cytotoxic protein production. Flow analyses showed that total populations 

of effector memory (CD44+ CD62L− or CD44+ CCR7−) and central memory (CD44+ 
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CD62L+) were significantly reduced in T-cells co-cultured with M1/Mdivi1-pretreated 

MCECs compared to untreated controls (Figure-4, blue gating). Given that CD44 expression 

correlates to T-cell activation and Tmems highly expressing CD44 (CD44hi) contribute 

significantly to alloimmune rejection,43, 44 we gated on the CD44hi populations, and 

found both effector memory (CD44hi CD62L− or CD44hi CCR7−) and central memory 

(CD44hi CD62L+ or CD44hi CCR7+) were significantly reduced in T-cells co-cultured with 

pretreated MCECs compared to untreated controls (Figure-4, green gating). Additionally, we 

noted that the proliferative index was lower in T-cells co-cultured with pretreated MCECs 

compared to untreated controls, as indicated by Ki-67 expression (Figure-5A). Furthermore, 

fewer T-cells producing granzyme-B and IFNγ (represented by percentage of cells) as well 

as less granzyme-B and IFNγ production (represented by MFI) were noted in pretreated 

MCEC co-cultures compared to untreated controls (Figure-5B).

3.5- Donor Pre-treatment with M1/Mdivi1 Exerts Mitochondria-Elongating Effects on 
Cardiac ECs but Not Cardiomyocytes

Our in-vitro results indicated that promoting fusion/inhibiting fission in ECs altered 

allogeneic T-cell responses. Building on these novel observations, we utilized a novel 

murine brain-dead donor cardiac transplant model.4 Donor brain death was induced, and 

upon confirmation of donor brain death, a bolus of 2.4mg/kg M1 and 1.2mg/kg Mdivi1 

or PBS control was infused via a carotid catheter. The donor was then ventilated further 

for 3 hours. At the end of this brain-death period, the donor heart was procured. No 

significant differences in blood pressure, body temperature, or heart rate where seen 

between the treatment or control groups. Electron microscopy on brain-dead M1/Mdivi1-

pretreated donor hearts demonstrated elongated mitochondria, as compared to brain-dead 

untreated controls or living donor controls, only in the ECs and not in the cardiomyocytes 

(Figure-6A). As further validation and comparison to our in-vitro studies, we isolated 

ECs from donor hearts and performed confocal imaging. Three-dimensional rendering 

demonstrated clear elongation of mitochondria in M1/Mdivi1 brain-dead donor ECs 

compared to controls. Quantification of these images further demonstrated significant 

differences between the brain-dead treated groups and the brain-dead untreated controls 

(Figure-6B). The effects of mitochondria elongation by M1/Mdivi1 appeared to be 

confined to ECs, as no mitochondrial elongation was noted in cardiomyocytes. Since our 

in-vitro data showed M1/Mdivi1 treatment was associated with reduced EC activation, we 

assessed whether the treatment impacted endothelial barrier functions using in-vitro trans-

endothelial electrical resistance assays. We found the integrity of the endothelial monolayer 

pretreated with M1/Mdivi1 prior to CS was significantly improved at 18- and 24-hours 

post-reperfusion compared to non-treated CS and normal monolayer controls (Supplemental 

Figure-6).

3.6- Donor Pre-treatment with Mitochondrial Fusion Promoter/Fission Inhibitor Protects 
Cardiac Allografts from Injury and Mitigates T-cell Alloimmune Response

With our imaging studies supporting the efficacy of M1/Mdivi1 donor pre-treatment in 
vivo, we next determined whether the mitochondrial therapy impacted post-transplant 

outcomes. Brain-dead donor hearts from M1/Mdivi1-pretreated and untreated donors were 

heterotopically transplanted into allogeneic recipients. Forty-eight hours post-transplant, 
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serum levels of cardiac troponin-I, a marker for cardiac injury, were found to be 

significantly reduced in the recipients receiving brain-dead M1/Mdivi1-pretreated hearts 

compared to brain-dead untreated controls (Figure-7A). Further, semi-quantitative scoring 

demonstrated a significant reduction in histological evidence of injury in the brain-dead M1/

Mdivi1-pretreated hearts compared to brain-dead untreated controls (Figure-7B, Figure-7C). 

IRI is characterized by innate immune cell infiltration, and therefore, we quantified 

myeloperoxidase immune cell infiltrates using immunohistochemistry. In keeping with our 

histological injury scores, M1/Mdivi1 donor pre-treatment significantly reduced immune 

cell infiltration (Figure-7D).

Our in-vitro data showed that M1/Mdivi1 pre-treatment reduced allogeneic T-cell activity, 

and therefore, we next examined T-cell responses in vivo. Flow cytometry analyses on 

CD8+ T-cells isolated from allografts at 48 hours post-transplantation revealed that, while 

there were no changes in effector memory (CD44+ CD62L−) and central memory (CD44+ 

CD62L+) frequencies in brain-dead pretreated vs control groups (Figure-7E), there were 

significantly fewer T-cells producing granzyme-B and IFNγ as well as less granzyme-B and 

IFNγ production in brain-dead pretreated compared to untreated control groups (Figure-7F). 

We also examined proliferative index in the infiltrating T-cells (represented by Ki-67 

expression), and surprisingly we could not detect any significant differences between groups 

(Figure-7G).

Furthermore, ECs were also isolated from the cardiac allografts at 48 hours post-transplant, 

and flow cytometry analyses revealed no significant differences in surface expression of 

adhesion molecules, costimulatory ligands, MHC-I, or coinhibitory ligands in ECs (Table-2).

3.7- Donor Pre-treatment with Mitochondrial Fusion Promoter/Fission Inhibitor 
Significantly Prolongs Cardiac Allograft Survival

Finally, to assess the impact of mitochondrial therapy on allograft survival, allogeneic 

heterotopic transplants of Balb/c brain-dead M1/Mdivi1-pretreated hearts or brain-dead 

control hearts into C57BL/6 recipients were performed (illustrated in Figure-8A). Brain 

death has been shown to significantly reduce allograft survival compared to that from 

living donors.4 Here, M1/Mdivi1 pre-treatment of brain-dead donor hearts was associated 

with significant prolongation of median allograft survival (9.5 days) compared to untreated 

brain-dead controls (6 days, p=0.0091 by log-rank test) (Figure-8B). To determine whether 

M1/Mdivi1’s protective effect is all mediated through an antioxidant pathway, we performed 

direct comparisons of M1/Mdivi1 versus NAC brain-dead donor pre-treatment. Consistent 

with our in-vitro data (Supplemental Figure-5), this protective effect was not seen with 

antioxidant therapy alone, as NAC pre-treatment resulted in similar outcomes to untreated 

controls (Figure-8B).

4- DISCUSSION

In cardiac transplantation, donor ECs play a pivotal role in allograft immunogenicity by 

interacting with recipient alloreactive Tmems. We have previously shown that modulating EC 

mitochondrial bioenergetics after reperfusion reduced their immunogenicity to allogeneic T-

cells.35 This led us to reason that modulating other aspects of EC mitochondrial physiology, 
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such as mitochondrial fusion/fission, could alter Tmems responses and could potentially be 

clinically translated. In this study, we modulated mitochondria prior to cold storage and 

investigated the impact of such donor pre-treatment on immunological outcomes.

Since inhibiting mitochondrial fission in the heart is protective against focal IRI,32 we 

knocked down DRP1 in ECs to skew mitochondrial dynamics toward fusion. In addition to 

less DRP1 protein levels and elongated mitochondrial morphology in DRP1KDs, our data 

indicate that DRP1KDs have higher mitochondrial fitness and mass. These characteristics 

are consistent with previous reports that promoting fusion is associated with increased 

oxidative phosphorylation efficiency and higher mitochondrial mass, thus supporting the 

validity of our knock-down model.45–48 Also, less supernatant cytotoxic proteins were 

detected in co-cultures between DRP1KDs and allogeneic T-cells compared to wildtype 

controls and allogeneic T-cells, in both normothermic and CS-IRI settings. These findings 

demonstrate that promoting fusion reduces EC immunogenicity to T-cells.

The fusion promoter M1 and the fission inhibitor Mdivi1 have been shown to effectively 

skew mitochondrial dynamics toward fusion when utilized in combination.31 In our studies, 

we employed them as tools to promote fusion/inhibit fission in ECs. We acknowledge 

a disadvantage of utilizing pharmacologic agents as mechanistic tools is the potential 

confounding off-target effects.41 However, our initial findings using the genetic knock-down 

model suggest that reduced EC immunogenicity is mediated specifically by skewed fission-

to-fusion.

When fusion is promoted/fission is inhibited by M1/Mdivi1 in ECs prior to pro-

inflammatory cytokine-mediated activation or CS-IRI insults, their immunogenicity is 

reduced, evidenced by less cytotoxic proteins in co-cultures between M1/Mdivi1-pretreated 

ECs and allogeneic T-cells, a marked reduction in VCAM-1, an important adhesion 

molecule for immune synapse formation and T-cell adhesion,49 and an increase in PD-

L1, a co-inhibitory ligand inhibiting T-cell function.40 Of note, when PD-L1 is blocked, 

the immuno-protective effect of M1/Mdivi1 pre-treatment is abrogated at least partially, 

suggesting this observed effect is dependent on PD-L1 expression. PD-1, the receptor of PD-

L1, has been shown to be highly expressed in certain types of functionally active Tmems,50 

and thus, M1/Mdivi1-mediated PD-L1 expression will offer significant immuno-protection 

against these T-cell populations.

In the clinically relevant CS-IRI model, we focused on 6 and 24 hours post-reperfusion 

because EC mitochondrial changes and immunological phenotypes are the most strongly 

associated at these two timepoints.35 T-cells infiltrate cardiac allografts within the first 24 

hours post-reperfusion and start releasing cytotoxic proteins to mediate allograft rejection 

from 24–72 hours post-reperfusion.10, 51 In this context, a reduction of MHC-I at 6 

hours post-reperfusion, of VCAM-1, Ki-67 (a marker for cellular proliferative index) at 

24 hours post-reperfusion, and an increase of PD-L1 at 24 hours post-reperfusion, as 

shown by our data, can alter the T-cell response significantly. Indeed, in vitro, at 48 

hours post-reperfusion, CD8+ T-cells co-cultured with pretreated ECs display a significant 

reduction in both memory compartments, proliferative index, and intracellular production 

of cytotoxic proteins. In vivo, at 48 hours post-transplant, CD8+ T-cells isolated from 
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M1/Mdivi1-pretreated allografts display a significant reduction in intracellular cytotoxic 

protein production. These T-cells, however, do not have any changes in memory phenotype 

and proliferative index. The discrepancy between in-vitro and in-vivo T-cell responses can 

be attributed to the complexity of the in-vivo microenvironment, such as the presence of 

complex cytokine milieu composition.52

To assess transplant outcome, we used a murine cardiac transplant model incorporating 

donor brain death, a clinically relevant phenomenon predisposing allografts to pro-

inflammatory states.4, 53 We demonstrated that promoting mitochondrial fusion/inhibiting 

fission in donor ECs reduces cardiac injury and significantly delays allograft rejection. Of 

note, the effects of M1/Mdivi1 pre-treatment on cardiac allografts appear to be EC-specific, 

as changes in mitochondrial morphology only occurred in ECs but not in cardiomyocytes. 

Given our adhesion molecule expression data, we speculated that M1/Mdivi1 abrogates 

EC activation, which promotes improved EC barrier functions, demonstrated with our trans-

endothelial resistance studies, and thus may limit exposure of cardiomyocytes to circulating 

M1/Mdivi1. Alternatively, given the high density of mitochondria in cardiomyocytes, 

a higher dose of M1/Mdivi1 may be required to effect cardiomyocytes. Finally, the 

extracellular matrix separating ECs and cardiomyocytes may inhibit diffusion of M1/Mdivi1 

to the cardiomyocytes. Nevertheless, this selectivity may be a significant therapeutic benefit, 

and may well obviate any potentially confounding side-effects of modulating cardiomyocyte 

metabolic functions.

How exactly modulating mitochondrial fusion/fission alters EC immunological phenotype 

remains unclear. Reports by other groups have indicated mitochondrial fusion can be 

induced through mTOR-NFkB-OPA1 signaling.54 Since the NFkB pathway controls 

VCAM-1 expression,55 promoting fusion/inhibiting fission possibly induces a feedback 

inhibition that reduces NFkB activation, leading to reduced VCAM-1 expression. 

Additionally, inhibiting mTOR in human ECs has been shown to increase PD-L1,56 and 

thus the same feedback inhibition potentially leads to PD-L1 upregulation. Furthermore, 

in other cardiac IRI models, inhibiting mitochondrial fission in microvascular ECs leads 

to inhibition of mitochondrial permeability transition pore (mPTP) opening by preventing 

voltage-dependent anion channel-1 (VDAC-1) oligomerization.34 As we have shown in 

our previous studies that post-reperfusion mPTP inhibition reduces EC immunogenicity,35 

M1/Mdivi1 pre-treatment prior to cold storage might alter VDAC-1 oligomerization in 

ECs, leading to longer mPTP closure post-reperfusion in our model. Future studies will be 

directed toward studying the exact mechanisms underlying the regulation of mitochondrial 

fusion/fission on EC immunological phenotype.

As therapeutics could be targeted to ECs using nanoparticles containing Arginine-Glycine-

Aspartate sequence, demonstrated by previous in-vitro and in-vivo studies,57, 58 the same 

delivery modality could be utilized to enhance M1/Mdivi1 uptake in ECs and would be 

another potential future investigation.

In summary, we demonstrate through clinically relevant in-vitro CS-IRI models 

that promoting mitochondrial fusion/inhibiting fission in donor ECs reduces their 

immunogenicity and suppresses Tmems responses. We also describe a novel approach that 
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improves transplant outcomes in vivo through modulating mitochondrial dynamics of donor 

cardiac allografts. These findings serve as a foundation for potential clinical translation in 

humans to potentially facilitate induction of transplant tolerance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure-1: Genetic Alteration of Mitochondrial Fission Machinery Reduces EC Immunogenicity.
(A) Representative 3D confocal images showing mitochondrial elongation in ECs that 

have dynamin-related protein 1 (DRP1) knocked down (referred to as DRP1KDs) (red: 

mitochondria, blue: nuclei), and quantification of mitochondrial morphology in cells 

(hyperfused: at least one mitochondria ≥5μm in length, intermediate: at least one 

mitochondria between 5μm and 2μm but none more than 5μm, rounded: none longer 

than 2μm) (n=4 with 80 cells/group). (B) Mitochondrial mass of DRP1KD vs MCEC 

(the wildtype control) quantified by flow cytometry for mean fluorescence intensity of 

Mitotracker Green (n=3). (C) Mitochondrial fitness of DRP1KD vs MCEC assessed by 

Seahorse flux assay (n=4). (D) Immunogenicity of DRP1KD vs MCEC when being co-

cultured with allogeneic CD8+ T-cells, demonstrated by supernatant levels of interferon 

gamma and granzyme-B levels after 7 days of coculturing (n=3). (E) Representative 3D 

confocal images showing mitochondrial elongation is unchanged at 1 hour post-reperfusion 

in DRP1KDs that were subjected to static cold storage for 6 hours prior to reperfusion 

with warm media (red: mitochondria, blue: nuclei), and quantification of mitochondrial 

morphology performed as in Figure-1A (n=4 with 80 cells/group). (F) Immunogenicity 

of DRP1KD vs MCEC that were subjected to cold storage for 6 hours prior to 

reperfusion with warm media and co-cultured with allogeneic CD8+ T-cells, demonstrated 

by supernatant levels of interferon gamma and granzyme-B after 7 days of coculturing 

(n=3). (****p<0.0001, ***p<0.005, **p<0.01, *p<0.05. Differences between DRP1KD 

vs MCEC were analyzed using Student’s t-test. In panels (D) and (F), granzyme-B and 

interferon gamma levels were normalized to the number of ECs at the initiation of co-culture 

to account for target differences)
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Figure-2: Pharmacological Modulation of Mitochondrial Fusion/Fission Prior to Pro-
inflammatory Cytokine Insult Reduces EC Immunogenicity.
(A) Representative 3D confocal images showing mitochondrial elongation in M1/Mdivi1-

treated MCECs (red: mitochondria, blue: nuclei), and quantification of mitochondrial 

morphology performed as in Figure 1A (n=4 with 80 cells/group). (B) Immunogenicity of 

M1/Mdivi1-pretreated cells vs untreated control co-cultured with allogeneic CD8+ T-cells, 

demonstrated by supernatant interferon gamma and granzyme-B levels after 7 days of 

coculturing (n=3). (C) VCAM-1, ICAM-1 adhesion molecules expression on the surface of 
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MCECs pretreated with M1/Mdivi1 for 24 hours vs untreated control prior to activation 

by TNFα/IFNγ (n=4), and PD-L1 expression on the surface of M1/Mdivi1-pretreated 

MCECs after 4 days co-cultured with CD8+ T-cells (n=3). (D) Abrogation of tolerogenic 

effect induced by M1/Mdivi1 when PD-L1 is blocked, demonstrated by supernatant 

interferon gamma and granzyme-B levels after 7 days of co-culturing in the presence of 

anti-PD-L1 blocking antibodies (n=3). (****p<0.0001, ***p<0.005, **p<0.01, *p<0.05. 

Differences between untreated control and M1/Mdivi1-treated groups, as well as between 

PD-L1-unblocked control and PD-L1-blocked groups, were analyzed using Student’s t-test. 

In panels (B) and (D), granzyme-B and interferon gamma levels were normalized to the 

number of ECs at the initiation of co-culture to account for target differences)
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Figure-3: Pharmacological Modulation of Mitochondrial Fusion/Fission Prior to Cold Storage 
Reduces EC Immunogenicity after Reperfusion.
(A) Representative 3D confocal images showing mitochondrial elongation is still retained at 

1 hour post-reperfusion in MCECs pretreated with M1/Mdivi1 normothermically prior to 6-

hour cold storage and warm reperfusion (red: mitochondria, blue: nuclei), and quantification 

of mitochondrial morphology performed as in Figure-1A (n=4 with 80 cells/group). (B) 
Immunogenicity of MCECs pretreated with M1/Mdivi1 normothermically prior to 6-hour 

cold storage and warm reperfusion, followed by co-culture with allogeneic CD8+ T-cells, 
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demonstrated by supernatant interferon gamma and granzyme-B levels after 7 days of 

coculturing (n=3). Surface expression of VCAM-1 (C), MHC-I (D), intracellular expression 

of Ki-67 (E), and surface expression of PD-L1 (F) at 6 hours (top) and 24 hours 

(bottom) post-reperfusion in MCECs pretreated with M1/Mdivi1 normothermically prior 

to 6-hour cold storage and warm reperfusion. (n=3–6). (G) Abrogation of tolerogenic effect 

induced by pre-cold storage M1/Mdivi1 treatment when PD-L1 is blocked, demonstrated 

by supernatant interferon gamma and granzyme-B levels after 7 days of coculturing in the 

presence of anti-PD-L1 blocking antibodies (n=3). (****p<0.0001, ***p<0.005, **p<0.01, 

*p<0.05. Differences between untreated control and M1/Mdivi1-treated groups, as well 

as between PD-L1-unblocked control and PD-L1-blocked groups, were analyzed using 

Student’s t-test. In panels (B) and (G), interferon gamma and granzyme-B levels were 

normalized to the number of ECs at the initiation of co-culture to account for target 

differences)
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Figure-4: Pharmacological Modulation of Mitochondrial Fusion/Fission in ECs Alters the 
Memory Phenotype of Co-cultured T-cells.
Blue gating: Flow cytometry analyses showing the percentages of both effector memory 

population, with phenotype CD44+ CD62L− (A) or CD44+ CCR7− (B), and central memory 

population, with phenotype CD44+ CD62L+ (B), are lower in CD8+ T-cells co-cultured 

with pre-cold storage M1/Mdivi1-treated MCECs vs untreated controls (n=3). Green gating: 

Flow cytometry analyses with a focus on the CD44hi populations showing that both effector 

memory population, with phenotype CD44hi CD62L− (A) or CD44hi CCR7− (B), and 
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central memory population, with phenotype CD44hi CD62L+ (A) or CD44hi CCR7+ (B), 
are lower in CD8+ T-cells co-cultured with pre-cold storage M1/Mdivi1-treated MCECs 

vs untreated controls (n=3) (****p<0.0001, ***p<0.005, **p<0.01, *p<0.05. Differences 

between untreated control and M1/Mdivi1-treated groups were analyzed using Student’s 

t-test)
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Figure-5: Pharmacological Modulation of Mitochondrial Fusion/Fission in ECs Mitigates the 
Alloimmune Response of Co-cultured T-cells.
(A) Flow cytometry analyses showing the percentages of proliferative CD8+ T-cells, marked 

by Ki-67 expression, are lower in T-cells co-cultured with pre-cold storage M1/Mdivi1-

treated MCECs vs untreated controls (n=3). (B) Flow cytometry analyses showing that 

both percentages of CD8+ T-cells expressing the two cytotoxic proteins granzyme-B and 

interferon gamma, and mean fluorescence intensity (MFI) of the cytotoxic proteins are 

lower in T-cells co-cultured with pre-cold storage M1/Mdivi1-treated MCECs vs untreated 

Tran et al. Page 23

Am J Transplant. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controls (n=3). (**p<0.01, *p<0.05. Differences between untreated controls and M1/Mdivi1-

treated groups were analyzed using Student’s t-test)
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Figure-6: Donor Pre-treatment with M1/Mdivi1 Exerts Mitochondria-Elongating Effects on 
Cardiac ECs but not Cardiomyocytes.
(A) Representative transmission electron microscopy images showing mitochondria in ECs 

but not in cardiomyocytes are morphologically elongated at the end of donor pre-treatment 

with M1/Mdivi1. (B) Representative 3D confocal images showing mitochondria in ECs 

isolated from M1/Mdivi1-pretreated donor hearts are elongated, and quantification of 

mitochondrial morphology performed as in Figure-1A (n=3 mice/group with 50 cells/group, 
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****p<0.0001, **p<0.01. Differences between BD control and BD M1/Mdivi1 groups were 

analyzed using Student’s t-test).
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Figure-7: Donor Pre-treatment with Mitochondrial Fusion Promoter/Fission Inhibitor Protects 
Cardiac Allografts from Injury and Mitigates T-cell Alloimmune Response.
(A) Cardiac injury, reflected by serum cardiac troponin I levels at 48 hours post-transplant, 

is significantly reduced in mice receiving M1/Mdivi1-pretreated allografts. (B) Histological 

staining and (C) quantification analysis showing significantly less cardiac injury and 

immune infiltration in M1/Mdivi1-pretreated allografts vs untreated controls. (D) Brain-

dead donor delivery of M1/Mdivi1 significantly reduces innate immune cell infiltrates 

as demonstrated by myeloperoxidase immunohistochemistry in M1/Mdivi1-pretreated 

allografts vs untreated controls. (E) Flow cytometry analyses showing no changes in effector 

memory (CD44+ CD62L−) and central memory (CD44+ CD62L+) compartments of CD8+ T-

cells in M1/Mdivi1-pretreated allografts vs untreated controls. (F) CD8+ T-cells infiltrating 

cardiac allografts have significantly lower granzyme-B and interferon gamma production in 

M1/Mdivi1-pretreated allografts compared to those infiltrating untreated controls, reflected 

by both frequencies of T-cells producing these cytotoxic proteins and mean fluorescence 

intensity (MFI) of the proteins in T-cells. (G) Flow cytometry analyses showing no 

changes in proliferative index (Ki-67) in infiltrating CD8+ T-cells (***p<0.005, *p<0.05. 

Differences between untreated controls and M1/Mdivi1-treated groups were analyzed using 

Mann-Whitney test for histological analysis and Student’s t-test for the remaining analyses)
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Figure-8: Donor Pre-treatment with Mitochondrial Fusion Promoter/Fission Inhibitor 
Significantly Prolongs Cardiac Allograft Survival.
(A) Schematics of the brain-dead murine transplant model. (B) Percent survival of 

transplanted cardiac allografts showing donor pre-treatment with M1/Mdivi1 after brain 

death leads to significantly improved survival outcomes (n=4, p=0.0091 by Mantel-Cox 

test), an effect that is not observed with pre-treatment of the antioxidant, N-acetylcysteine, 

alone.

Tran et al. Page 28

Am J Transplant. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tran et al. Page 29

Table-1:

Summary of MFI of Surface Markers and Proliferative Index at 6 and 24 Hours Post-Reperfusion in M1/

Mdivi1-Pretreated MCECs or Untreated Controls (n=3, ****p<0.0001, ***p<0.005, **p<0.01, *p<0.05)

6 Hours Post-Reperfusion 24 Hours Post-Reperfusion

Molecule Name Untreated Control (MFI) Pretreated Cells (MFI) Untreated Control (MFI) Pretreated Cells (MFI)

VCAM-1 262.60±9.97 210.70±4.92*** 391.10±5.72 232.20±5.50****

ICAM-1 20.16±1.84 27.68±8.37 14.73±0.15 15.29±0.31

P-selectin 18.20±0.06 18.85±0.20 12.54±0.38 13.51±0.08

CD80 50.58±0.18 50.95±0.85 29.76±0.81 28.92±0.78

MHC-I 246.50±1.40 221.60±4.56** 191.90±17.16 208.90±14.61

PD-L1 10.46±0.09 12.47±0.13**** 10.68±1.18 14.64±1.92**

Ki-67 95.73±0.15 88.04±0.73*** 68.32±7.56 26.98±13.33*
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Table-2:

Summary of MFI of Surface Markers and Proliferative Index at 48 Hours Post-transplant in ECs Isolated from 

Brain-Dead Control or Pretreated Hearts (n=4 mice/group)

Molecule Name BD Control BD Pretreated

VCAM-1 104.80±10.16 106.60±15.61

P-selectin 215.20±170.10 65.79±11.83

CD80 230.50±75.34 186.10±43.43

MHC-I 83.77±6.81 85.71±17.30

PD-L1 54.96±9.40 62.18±6.22

Ki-67 24.79±6.39 22.44±5.46
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