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Introduction
Organ transplantation is the definitive treatment for end-stage organ disease. Despite significant advances 
in our understanding of  immune mechanisms and immunosuppression therapy, 25%–40% of  grafts will 
be lost within 5 years of  transplantation depending on graft type (1), and immune-mediated graft rejection 
remains the leading cause of  organ loss. While nearly 30,000 organ transplants are performed in the United 
States each year, the waitlist for transplant organs currently exceeds 123,000 individuals and is rising (1). 
Given the shortage of  available organs, there is a critical need for improving outcomes.

Retrospective studies have demonstrated that living donor transplants have superior outcomes com-
pared with deceased donor transplants in terms of  immediate graft function and long-term survival (2–5). It 
is well-known that donor brain death results in a systemic inflammatory response (5) that can increase graft 
immunogenicity (6) and is associated with inferior posttransplant outcomes (7). However, there is presently 
a gap in knowledge regarding the specific cellular and molecular pathways responsible for the initiation of  
the deceased donor inflammatory response.

Tissue injury releases endogenous damage-associated molecular patterns (DAMPs) that can act as potent 
activators of  the innate immune system (8, 9). A diverse array of  DAMPs derived from damaged cells and 
extracellular matrix has been described (3, 10–12), and recent research has highlighted mitochondria as a 
major source of  cellular DAMPs (13–20). Mitochondria are the remnant of  an endosymbiotic relationship 
between eukaryotic cells and aerobic Rickettsia-like bacteria that occurred approximately 2 billion years ago 
(21, 22). Due to their bacterial origin, mitochondria retain DAMPs that resemble bacterial pathogen-associat-
ed molecular patterns (PAMPs), including N-formyl-methionyl peptides (NFPs) and DNA with unmethylat-
ed CpG motifs that activate formyl-peptide receptor 1 (FPR1) and TLR9, respectively (23, 24).

There is evidence that extracellular mitochondria contribute to inflammation, immunity, and response to 
tissue injury (14, 15, 18). Elevated levels of  mitochondrial DNA (mtDNA) have been detected in the plasma 

Brain death that occurs in the setting of deceased organ donation for transplantation is associated 
with systemic inflammation of unknown origin. It has recently been recognized that mitochondria-
derived damage-associated molecular patterns (mtDAMPs) released into the circulation in the 
setting of trauma and tissue injury are associated with a systemic inflammatory response. We 
examined the blood of deceased organ donors and found elevated levels of inflammatory cytokines 
and chemokines that correlated with levels of mtDAMPs. We also found that donor neutrophils 
are activated and that donor plasma contains a neutrophil-activating factor that is blocked by 
cyclosporin H, a formyl peptide receptor-1 antagonist. Examination of donor plasma by electron 
microscopy and flow cytometry revealed that free- and membrane-bound mitochondria are 
elevated in donor plasma. Interestingly, we demonstrated a correlation between donor plasma 
mitochondrial DNA levels and early allograft dysfunction in liver transplant recipients, suggesting 
a role for circulating mtDAMPs in allograft outcomes. Current approaches to prolong allograft 
survival focus on immune suppression in the transplant recipient; our data indicate that targeting 
inflammatory factors in deceased donors prior to organ procurement is another potential strategy 
for improving transplant outcomes.
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of patients following trauma (25, 26), in patients with myocardial (27, 28) and neurologic tissue injury (29, 
30), and in setting of  sepsis (31, 32). However, the role of  mitochondria-derived DAMPs (mtDAMPs) has not 
been investigated in the setting of  brain death, nor has their effect on allograft function been described.

In this study, we examined the inflammatory response in deceased organ donors in terms of  polymor-
phonuclear cell (neutrophil [PMN]) activation and levels of  circulating cytokines and chemokines. We found 
that PMNs are often highly activated in deceased donors and are accompanied by elevated levels of  donor 
cytokines and chemokines that correlate with levels of  circulating mtDAMPs. Within donor blood, we iden-
tified NFPs as the main PMN-activating mtDAMP and demonstrate that the FPR-1 inhibitor, cyclosporin H 
(CsH), blocks PMN activation by donor blood. Finally, we examined deceased donor outcomes following 
transplantation and show an association between donor circulating mtDNA levels and early allograft dysfunc-
tion (EAD) in liver allograft recipients. These findings suggest that mitochondria contribute to the deceased 
donor inflammatory response and can affect allograft function following transplantation.

Results
Study cohort. Plasma, serum, and whole blood were collected from 65 deceased organ donors immediately 
prior to initiation of  organ procurement procedures. Within the cohort, 55 donors met donation after brain 
death (DBD) criteria and 10 donors met donation after cardiac death (DCD) criteria. As shown in Table 1, 
there were no significant differences between DBD and DCD donors for key study demographics.

Activated PMNs are present in the circulation of  deceased organ donors. Because PMNs are critical early medi-
ators of  innate immune responses, we first sought to determine if  peripheral blood PMNs were activated in 
deceased donors. We used direct immunofluorescence staining and flow cytometry to define the activation 
profiles of  PMNs present in peripheral blood collected from deceased organ donors immediately prior to 
initiation of  organ procurement procedures. An example of  the gating strategy used to identify PMNs is 
shown in Figure 1A. PMNs were defined as large-granular CD3–, CD19–, CD14–, CD66b+ leukocytes. 
PMNs present in peripheral blood collected from living healthy blood donors (n = 5) were used to establish 
baseline expression levels of  cell surface markers of  PMN activation. Examples of  the downregulation of  
CD16 and CD62L (L selectin) as well as the upregulation of  CD11b and CD66b are shown (Figure 1A). To 
quantify these differences, we determined the ratios of  median fluorescent intensities (MFIs) of  each PMN 
activation marker relative to the MFIs of  nonactivated healthy donor PMNs (Figure 1B). By this method, 
MFI ratios >1 indicate higher cell surface expression on PMNs from deceased donors relative to healthy 
living controls, and ratios <1 indicate lower expression. We observed that PMNs from deceased organ 
donors have a cell surface phenotype consistent with cellular activation when compared with healthy con-
trols, as shown by increased MFI for CD11b (Figure 1C) and CD66b (Figure 1D). PMNs from deceased 
donors also expressed significantly higher levels of  cell surface CD89 and CD35 as well as decreased CD16 
and CD62L levels compared with healthy controls (Supplemental Figure 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.121622DS1). We observed similar cluster-
ing of  PMN markers between DBD and DCD donors, suggesting that brain death and cardiac death are 
similarly able to cause PMN activation.

Plasma from deceased donors can activate PMNs from healthy living donors. We next asked if  there were 
soluble factors present in the plasma of  deceased donors that are capable of  activating PMNs from 
healthy living donors ex vivo. To asses this, we coincubated plasma from deceased organ donors with 
leukocyte preparations from healthy normal donors (NDs) overnight and then evaluated the expression 
levels of  cell surface activation markers as described above. Whole leukocyte preparations were used 
in favor of  purified PMNs in order to minimize PMN manipulation and to more accurately recapitu-
late in vivo conditions. Incubation of  healthy control PMNs with autologous plasma was used as the 
baseline control for calculations of  MFI ratios. Heterologous plasma from healthy NDs were included 
as negative controls. Supplemental Figure 2 shows the gating strategy used for analysis of  PMNs, and 
the viability of  PMNs at time of  analysis (median viability = 87%). As shown in Figure 2A, plasma 
samples from DBD and DCD donors were able to induce upregulation of  multiple surface markers of  
activation, including significant increases in levels of  cell surface CD11b (Figure 2B), CD66b, CD16, 
CD62L, and CD35 (Supplemental Figure 3). The activation profile differed from what was observed 
for donor PMNs, in that CD89 levels did not increase and that CD16 and CD62L levels increased 
rather than decreased. This pattern of  activation may be related to differences between acute and 
chronic PMN activation kinetics. To rule out contamination with endotoxin (LPS), a limulus amoebo-
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cyte lysate (LAL) test was performed on the donor plasma samples, and we were able to confirm the 
absence of  endotoxin (Supplemental Figure 4). Overall, the observed changes in the expression of  cell 
surface membranes proteins indicates that deceased donor plasma is able to cause PMN activation.

We next considered whether overall donor quality was associated with the ability of  donor plasma 
to activate healthy donor PMNs. The Kidney Donor Profile Index (KDPI) is a numerical measurement 
based on the Kidney Donor Risk Index that combines 10 donor factors, including clinical parameters and 
demographics, to summarize the quality of  deceased donor kidneys relative to other recovered kidneys into 
a single number (33). Thus, it provides a quantitative measurement of  donor quality. Using cell surface 
expression of  CD11b as a marker of  PMN activation, we observed a moderate but significant correlation 
between KDPI and activation of  PMNs by donor plasma (Figure 2C). These data indicate that a donor’s 
health status may contribute to their inflammatory state.

Plasma from deceased organ donors induces ROS production by PMNs. Upon activation, PMNs typically 
undergo an oxidative burst that results in the production of  ROS. We hypothesized that soluble factors 
present in deceased donor plasma can activate PMNs to produce increased levels of  ROS. To test this, we 
compared ROS production induced by healthy donor PMNs treated ex vivo with plasma from DBD and 
DCD donors to ROS production induced by healthy donor heterologous and autologous plasma (PMNs 
and serum from same healthy donor) using a luminescence-based assay. These measurements were com-
pared with baseline and N-formylmethionyl-leucyl-phenylalanine–induced (fMLP-induced) ROS pro-
duction. A random subset of  samples (n = 23 DBD/DCD, n = 5 ND) from our study cohort were 

Table 1. Demographics of study cohort

CharacteristicsA DBD (n = 55) DCD (n = 10) Total (n = 65) P valueB

Age (yr) 42 (23.2, 56.5) 47.5 (34.8, 54.8) 42 (24.2, 56.5) 0.70
Missing 1 (1.82%) 2 (20%) 3 (4.62%)

Male 29 (52.7%) 7 (70.0%) 36 (55.4%) 0.12
Missing 1 (1.8%) 2 (20.0%) 3 (4.6%)

Race    0.56
White 39 (70.9%) 7 (70%) 46 (70.8%)
Black or African American 11 (20%) 1 (10%) 12 (18.5%)
Other (American Indian, Asian, Hawaiian, unknown) 5 (9.1%) 2 (20%) 7 (10.8%)

BMI 26.4 (23.2, 33.4) 29.3 (24.3, 31.8) 26.6 (23.2, 32.4) 0.91
Missing 1 (1.82%) 2 (20%) 3 (4.62%)

KDPI 63 (26, 90) 54 (40.5, 67.5) 63 (28, 85) 0.98
Missing 2 (3.64%) 2 (20%) 4 (6.15%)

Cause of death    0.38
Anoxia 19 (37.3%) 5 (62.5%) 24 (40.7%)
Cerebrovascular accident or stroke 20 (39.2%) 1 (12.5%) 21 (35.6%)
Head trauma 12 (23.5%) 2 (25%) 14 (23.7%)
Missing 4 2 6

Mechanism of injury    0.80
Intracranial 21 (38.9%) 2 (25%) 23 (37.1%)
Traumatic 12 (22.2%) 2 (25%) 14 (22.6%)
Other 21 (38.9%) 4 (50%) 25 (40.3%)
Missing 1 2 3

Diabetes 8 (15.1%) 1 (12.5%) 9 (14.8%) 1.00
Missing 2 2 4

Steroids 45 (86.5%) 2 (25.0%) 47 (78.3%) 0.0008
Missing 3 2 5

White blood cell count 12.8 (9.7, 15.7) 12.3 (10, 20.7) 12.8 (9.7, 16.5) 0.71
Missing 1 (1.82%) 2 (20%) 3 (4.62%)

AMedian and interquartile range (25th and 75th percentiles) are presented for continuous variables; frequency and percentage are presented for categorical 
variables. BCompared between DBD and DCD. P values were obtained from Kruskal-Wallis test (more than 2 comparison groups) for continuous variables 
and Fisher’s exact test for categorical variables. DBD, donation after brain death; DCD, donation after cardiac death; KDPI, kidney donor profile index; 
Missing, data unavailable.
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assayed. Examples of  the ROS production curves obtained with this assay are shown in Figure 3A. Low 
basal levels of  ROS are produced when PMNs from NDs are incubated with autologous plasma (Figure 
3A, black line) or heterologous plasma from another ND (Figure 3A, blue line). In contrast, plasma from 
a deceased donor induced a potent ROS response (Figure 3A, red line) that is augmented in response to 
fMLP stimulation. Interestingly, although all PMNs from healthy NDs produced a robust ROS response 
to fMLP stimulation, not all donor plasma was found to be activating. Plasma from a different deceased 
donor (Figure 3A, purple line) was markedly less inflammatory. We selected two points along the kinetic 

Figure 1. Activated 
PMNs are present in the 
circulation of deceased 
organ donors. (A) Gating 
strategy used for anal-
ysis of PMNs present in 
peripheral blood collected 
from deceased organ 
donors and healthy living 
normal donors (NDs) after 
whole blood staining. 
Histograms show example 
comparisons of median 
fluorescence intensi-
ty (MFI) for selected 
activation markers on 
the surface of deceased 
donor PMNs (blue lines) 
and PMNs from a healthy 
living NDs (gray filled 
histograms). (B) Cell 
surface expression levels 
of the indicated proteins 
on PMNs from deceased 
organ donors (donation 
after brain death [DBD], 
n = 16, blue squares; 
donation after cardiac 
death [DCD], n = 4, red 
squares) were compared 
with PMNs from healthy 
living NDs (n = 5) using 
median MFI ratios as 
described in the Methods. 
The gray shaded boxes 
represent the range of 
observed responses, and 
the medians are indicated 
by black lines. MFIs of (C) 
CD11b and (D) CD66b were 
significantly higher on 
PMN in the circulation of 
whole blood from DBD/
DCD donors (n = 20) when 
compared with blood from 
NDs (n = 5). In C and D, 
the gray boxes represent 
the interquartile range, 
the lines represent the 
median, and whiskers 
indicate the range of 
observed responses. Com-
parisons were performed 
using a Mann-Whitney 
test. P < 0.05 was consid-
ered significant.
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ROS curve to facilitate comparisons across samples. These are the “plasma maximum” response and 
the after fMLP stimulation “new set point” response indicated in Figure 3A. The plasma maximum rep-
resents the ability of  plasma to induce ROS production, while the new set point provides an indication 
of  ability to promote a persistent ROS response after fMLP stimulation. No significant differences in 
ROS induction were observed for DBD/DCD donor plasma samples compared with ND plasma sam-
ples (Figure 3, A and B; Mann-Whitney test, P > 0.05). However, there was a clear bimodal distribution 
of  the data, and we found that 6 of  23 plasma samples from deceased donors were able to induce ROS 
production from healthy PMNs, as indicated by plasma maximum responses (Figure 3B, open symbols), 
while 12 of  23 plasma samples promoted a persistent ROS response after fMLP stimulation, as indicated 
by new set point responses (Figure 3C, open symbols). Experiments performed using PMNs purified 
from healthy donor blood incubated with 2 inflammatory donor plasma samples confirmed that ROS 
production can be induced by direct stimulation of  PMNs after depletion other leukocyte populations 
(Supplemental Figure 5). Collectively, these data indicate that soluble factors present in the circulation of  
a subset of  deceased donors stimulate and potentiate ROS production by PMNs.

Elevated levels of  inflammatory molecules in deceased donor serum. We next sought to determine the level of  
inflammatory molecules in donor sera. We used multiplex assays to profile the cytokine and chemokine levels in 
sera collected from our study cohort. Data from all 25 cytokines are presented in Supplemental Figure 6. Com-
pared with healthy control plasma, DBD and DCD donor plasma contained significantly higher levels of IL-6, 
IL-8, IL-2 receptor (IL-2R), and IL-1 receptor antagonist (IL-1RA) (Figure 4, A–D) compared with that of ND 
plasma. Sera from DCD donors also contained significantly higher levels of MIP-1β when compared with NDs 
(Figure 4E). Levels of IFN-α were similar between NDs and deceased donors (Figure 4F). Overall, these results 
demonstrate increased levels of inflammation-associated cytokines in the circulation of deceased organ donors.

Mitochondria and mtDAMPs are present in the circulation of  deceased organ donors. We hypothesized that 
mitochondria released from tissue injury and cell death in the setting of  deceased organ donation are a 
major source of  DAMPs in the circulation of  deceased organ donors. Initially, we measured the amount 
of  NFPs present in sera by ELISA and found that NFPs levels were significantly elevated in sera from 
deceased donors compared with ND sera (Figure 5).

Figure 2. Plasma from deceased organ donors can activate PMNs 
from healthy living normal donors ex vivo. (A) PMNs from a 
minimum of 2 healthy living donors were incubated overnight 
with plasma from deceased organ donors (donation after brain 
death [DBD], n = 22, blue squares; donation after cardiac death 
[DCD], n = 4, red squares) or healthy normal donors (NDs, n = 9, 
black squares), and the average median fluorescence intensity 
(MFI) ratios compared with incubation with autologous plasma 
are shown. Shaded boxes represent the range of observed 
responses and the medians are indicated by black lines. (B) 
MFIs of CD11b were significantly higher on PMNs incubated with 
plasma from DBD/DCD donors (n = 26) when compared with 
PMNs incubated with plasma from NDs (n = 9). The gray boxes 
represent the interquartile range, the lines represent the median, 
and whiskers indicate the range of observed responses. Compar-
ison was performed using a Mann-Whitney test. P < 0.05 was 
considered significant. (C) Increased donor kidney donor profile 
index (KDPI), indicative of poorer donor health, correlates with 
the ability of donor plasma to activate healthy donor PMNs ex 
vivo, as assessed by cell surface CD11b expression determined by 
flow cytometry analysis (n = 24, KDPI not available for 2 donors). 
Spearman’s rank correlation test was used to examine for correla-
tions between the variables.
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Next, we used real-time quantitative PCR (RT-qPCR) to measure the amount of  mtDNA and genom-
ic DNA (gDNA) present in our donor plasma samples. Concentrations were determined using standard 
curves derived from purified mtDNA and gDNA of  known concentrations. Compared with ND plas-
ma, DBD and DCD donor plasma contained higher levels of  both mtDNA and gDNA (Figure 6, A and 
B). Since mtDNA can serve as an innate immune activator, we next sought to demonstrate a correlation 
between levels of  circulating mtDNA and inflammatory cytokines, as measured by the Luminex assay 
(Figure 4 and Supplemental Figure 6). As shown in Table 2, mtDNA levels correlated significantly with 
circulating levels of  inflammation-associated cytokines, including IL-6, IL-8, IL-2R, and IL-1Ra. Interest-
ingly, mtDNA levels were not associated with NFP levels or with traumatic brain injury as the mechanism 
of  death (Supplemental Figures 7 and 8).

We next investigated whether DNA detected in plasma was free DNA or complexed within subcellular par-
ticles. Centrifugation of the blood for 15 minutes at 1,200 g during plasma purification excluded intact circulat-
ing cells. Further centrifugation of the samples at 12,000 g for 15 minutes was used to pellet subcellular particles. 
DNA levels of the resulting supernatant were then reevaluated by RT-qPCR. Interestingly, the majority of the 
mtDNA was depleted by the higher centrifugation (Figure 6C), while gDNA levels remained unchanged (Figure 
6C), indicating that the majority of plasma mtDNA was contained within subcellular particles.

As the centrifugal force that pelleted the mtDNA was sufficient to pellet intact whole mitochondria, 
we next tested for extracellular mitochondria in donor plasma. To do this, we performed flow cytometry 
analysis on donor plasma stained with antibodies specific for the mitochondrial outer membrane protein, 
TOMM22, and we examined pelleted subcellular debris by electron microscopy. DBD and DCD donor 
plasma contained higher levels of  TOMM22+ subcellular particles per ml of  plasma compared with ND 
plasma (Figure 6D), and whole intact mitochondria were readily identified by electron microscopy imaging 
of  subcellular debris pelleted from deceased donor plasma (Figure 6E). These data indicate that plasma 
mtDAMPs may be derived from intact extracellular mitochondria in the circulation.

NFPs present in deceased donor plasma activate PMNs. Healthy donor PMNs were incubated with a subset 
(n = 6, Figure 3B) of  deceased donor plasma samples previously shown to induce ROS responses. Pretreat-
ment with 1 and 10 μM CsH, an antagonist of  FPR-1 (34), resulted in a 20% and 60% median decrease 
in ROS release, respectively (Figure 7). Minimal inhibition was observed after dose reduction of  CsH, and 
control experiments using PMA- and LPS-stimulated PMNs confirmed that inhibition of  ROS release 
by CsH was specific for NFPs (Supplemental Figure 9). Stimulation of  PMNs from healthy donors with 
fMLP resulted in a cell surface phenotype indicative of  activation (Supplemental Figure 10) and consistent 
with the phenotype we observed for PMNs incubated with plasma from deceased organ donors (Figure 
2). These data indicate that circulating NFPs can contribute to PMN activation in deceased organ donors.

Figure 3. Plasma from deceased organ donors is able to induce produc-
tion of ROS by PMNs from healthy living normal donors. (A) Example 
curve of PMN ROS production. Leukocytes from 2 heathy normal donors 
(NDs) were stimulated with ND plasma (autologous, black line; heterol-
ogous, blue line) or plasma from deceased donors (red and purple lines), 
and ROS production was measured by chemiluminescent detection. 
Stimulation with N-formylmethionyl-leucyl-phenylalanine (fMLP) is 
indicated. Data represent the mean and standard error of RLU resulting 
from oxidation of luminol by ROS. Data points representing the maxi-
mum response observed for plasma stimulation and the new set point 
after plasma and fMLP stimulation along the kinetic curve are indicated. 
(B) Plasma maximum and (C) new set point ROS production observed for 
leukocytes from healthy NDs incubated with autologous plasma samples 
(n = 5), plasma from heterologous NDs (n = 5), or plasma from deceased 
donors (DBD/DCD, n = 23). In B and C, the gray boxes represent the 
interquartile range, the lines represent the median, and whiskers indicate 
the range of observed responses. No significant difference was observed 
for comparisons between ND and DBD/DCD (Mann-Whitney test). Open 
symbols in B and C represent samples that induced ROS maximum or set 
point responses above levels observed for NDs.
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Elevated levels of  donor plasma mtDNA are associated with EAD in liver transplant recipients. Mitochondria 
and mtDAMPs present in the circulation of  deceased organ donors may cause allograft inflammation and 
affect posttransplant allograft function. We next tested whether there was an association between allograft 
function and donor mtDAMPs, including mtDNA and NFP. Following liver transplantation, EAD was 
defined as serum aspartate aminotransferase (AST) levels above 1,500 IU/l within the first 72 hours after 
transplantation (35). Following kidney transplantation, EAD was defined by the presence of  either slow 
graft function, defined as recipient serum creatinine (sCr) ≥3 mg/dl on postoperative day (POD) 5, or 
delayed graft function, defined as the need for dialysis within 7 days of  transplantation (36). We found that 
EAD following liver transplantation was associated with higher levels of  donor plasma mtDNA (EAD 
mean = 10.3 ng mtDNA/ml, no EAD mean = 5.8 ng mtDNA/ml, P = 0.018; Figure 8A). In contrast, we 
found no correlation between donor plasma mtDNA levels and EAD in kidney transplant recipients (Fig-
ure 8B). No significant correlation was found between NFP levels and either liver or kidney EAD (Figure 
8, C and D) or with serum sCr levels on POD5 following kidney transplantation (Supplemental Figure 11).

Discussion
The persistent shortage of  available organs mandates focused efforts toward identifying strategies to maxi-
mize the longevity of  each transplant. The majority of  donor organs are procured from deceased donors, and 
these donor organs are more prone to graft dysfunction and rejection when compared with organs from living 
donors (2–5, 37–39). The underlying reasons for this disparity remain incompletely defined. While variances 
in overall donor quality can account for a portion of  the observed differences in outcomes between living and 
deceased donor organs, there is also direct evidence that the process of  donor brain death plays a role. For 

Figure 4. Deceased 
donors have increased 
levels of circulating 
inflammation-as-
sociated cytokines. 
Cytokine levels in 
the sera of healthy 
normal donors (NDs, 
n = 10) and deceased 
donors (donation after 
brain death [DBD], n 
= 10; donation after 
cardiac death [DCD], n 
= 55) were evaluated 
by multiplex cytokine 
assay. (A) IL-6, (B) IL-8, 
(C) IL-2R, (D) IL-1RA, (E) 
MIP-1β, (F) IFN-α. Each 
data point represents 
the mean of duplicate 
assays. The gray boxes 
represent the inter-
quartile range, the lines 
represent the median, 
and whiskers indicate 
the range of observed 
responses. Comparisons 
were performed using 
a Kruskal-Wallis with 
Dunn’s multiple compar-
ison test. P < 0.05 was 
considered significant.
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example, in a rat kidney transplant model, grafts reject more rapidly when they are procured from rats that 
have been made brain dead for a period of  time, compared with those procured from living donors (38). The 
ability to closely match donor and recipient factors in these animal experiments, as well as the inclusion of  
a ventilated non-brain-dead control group, provide strong evidence that brain death is an independent risk 
factor for allograft rejection.

Consistent with previous studies (5, 40–42), we found elevated levels of  several cytokines/chemokines, 
including IL-6, IL-8, soluble IL-2R, soluble IL-1RA, and MIP-1β, in the circulation of  deceased donors 
compared with healthy living donors. We also found that deceased donor PMNs had an activated pheno-
type and that deceased donor plasma had the ability to activate PMNs isolated from healthy blood donors. 
Our ex vivo experiments were performed with whole leukocyte preparations to minimize PMN manipu-
lation and to more accurately recapitulate the cellular environment of  whole blood. It is therefore possible 
that PMNs could be activated indirectly by signals produced by other leukocytes activated by soluble donor 
factors. However, our studies with enriched PMN samples that showed similar findings as whole blood 
argue against a requirement for indirect activation by other leukocytes. Brain death has also been associated 
with PMN activation in animal models, causing increased PMN infiltrates in liver and kidney allografts, 
accompanied by increased expression of  adhesion molecules (38, 43). Additional work using a combina-
tion of  human samples and animal models will be required to characterize the role of  other immune cells 
in brain death–induced inflammation and PMN activation and to define the mechanism by which activated 
PMNs may increase allograft immunogenicity.

Our findings support brain death as a systemic inflammatory process, and we sought to determine 
which factors were responsible for causing this response. Tissue trauma and cell death are common in the 
setting of  deceased organs donors, resulting from traumatic injury (44), and/or the process of  brain death 
itself. Cell death results in the release of  DAMPs into the circulation that are able to trigger sterile inflam-

Table 2. Correlations of plasma NFPs and mtDNA with plasma cytokines/chemokines

Biomarkers NFPs mtDNA
CorrelationA P valueB CorrelationA P valueB

IL-6 –0.04 0.74 0.38 0.0009
IL-8 –0.09 0.45 0.39 0.0005
IL-1b –0.08 0.49 –0.07 0.57
IL-10 –0.24 0.04 0.21 0.07
IL-13 –0.09 0.42 –0.09 0.44
IL-12 –0.16 0.18 0.15 0.21
RANTES –0.13 0.26 0.10 0.41
Eotaxin –0.14 0.24 0.10 0.37
IL-17 –0.09 0.45 0.04 0.74
MIP-1α –0.12 0.32 0.12 0.32
GM-CSF –0.06 0.64 –0.09 0.46
MIP-1β –0.17 0.14 0.25 0.03
MCP-1 –0.17 0.16 0.12 0.32
IL-15 –0.07 0.55 0.05 0.65
IL-5 –0.09 0.42 –0.03 0.81
IFN-γ –0.02 0.87 0.44  <0.0001
IFN-α –0.10 0.40 0.28 0.02
IL-1RA –0.18 0.12 0.54  <0.0001
TNF-α –0.05 0.68 –0.03 0.78
IL-2 0.04 0.76 –0.09 0.45
IL-7 0.08 0.49 0.01 0.94
IP-10 0.03 0.78 –0.03 0.80
IL-2R 0.18 0.13 0.27 0.02
MIG –0.08 0.51 0.29 0.01
IL-4 –0.07 0.58 –0.06 0.62
ASpearman correlation. BP value determines whether correlation is significantly different from 0. No adjustment for 
multiple comparisons was implemented. NFPs, N-formylated peptides; mtDNA, mitochondrial DNA.
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matory responses (9, 12, 45). For example, endogenously derived NFPs are released in the setting of  trau-
matic cell death and cause PMN infiltration into injured tissues (14, 15, 18, 46, 47). We found that blockade 
of  the FPR-1 with CsH dramatically reduced the ability of  donor plasma to activate healthy control PMNs, 
inferring that NFPs may be a key innate immune activator in the setting of  brain death.

In the absence of  bacterial infection, the only endogenous source of  plasma NFPs would be mito-
chondria released from damaged tissue. Mitochondria are a major source of  DAMPs (mtDAMPs) and 
are increasingly recognized as potent innate immune activators (13, 16–18, 20, 48, 49). As a result of  their 
origin as bacterial endosymbionts, mitochondria retain prokaryotic molecules that resemble PAMPs. For 
example, mitochondria contain NFPs and unmethylated DNA CpG motifs, which are ligands for FPR-1 
and TLR9, respectively, and which play critical roles in PMN activation and migration to sites of  injury 
(19, 26, 47, 50, 51). In addition, mitochondria are the main cellular producers of  several NLRP3 inflam-
masome activators, such as ATP, ROS, and cardiolipin (21, 22, 52, 53), that can lead to IL-1β production, 
another PMN activator (54).

Considering the multiple PMN-activating properties of  mitochondria, we investigated for the presence of  
extracellular circulating mtDAMPs in deceased donors and discovered elevated levels of  mtDNA and NFPs. 
Interestingly, we found that mtDNA levels correlated with inflammatory cytokines in deceased donors and 
that this was associated with EAD following liver transplantation. In contrast, we found no association of  
mtDNA with EAD in kidney transplant recipients, suggesting that kidney allografts may be less effected by 
circulating mtDAMPs than liver allografts. Further, we detected no significant difference between NFP levels 
with EAD in liver or kidney transplant recipients. Our observations of  elevated levels of  mtDNA, NFPs, and 
intact mitochondria in deceased donor plasma suggests that mtDAMPs contribute to the sterile inflammatory 
response to brain death, and we therefore expected mtDNA and NFP levels to correlate. However, the detec-
tion of  NFP is done by an ELISA developed against nonmitochondrial NFP and is less sensitive than the 
RT-qPCR used for the detection mtDNA. Additional experiments using mass spectrometry–based methods 
for detecting NFPs may better detect a correlation of  NFPs with mtDNA and EAD.

It is important to note that we observed broad variation in the degrees of  PMN activation, cytokine lev-
els, and mtDAMP abundance in blood collected from deceased organ donors. This is likely reflective of  the 
diverse heterogeneity in age, health status, cause of  death, and other donor factors among our study cohort. 
Although traumatic injury has been shown to promote the release of  DAMPs and to effect organ quality in 
previous studies (25, 26, 55), we found no associations between traumatic brain injury and levels of  mtDNA 
or EAD in our cohort. However, we did identify a significant correlation between KDPI and the PMN-acti-
vating qualities of  donor plasma, indicating that a donor’s health status can affect their inflammatory state.

In many cases, organs procured from deceased donors have excellent long-term outcomes similar to 
those obtained for living donor donors. Consistent with this, we found that not all donor plasma samples 
contained high levels of  mtDAMPs or cytokines, providing evidence that high levels of  donor inflamma-
tion are not a universal outcome of  brain death. With accumulation of  additional samples, future work may 
identify novel correlations among specific donor factors, levels of  innate immune activation, and additional 
DAMPs in deceased organ donors that will better predict the risk of  allograft dysfunction and rejection.

Elevated levels of circulating mtDNA in the setting of trauma and neurological injury have been associated 
with poor clinical outcomes (19, 29, 56–60). While there is accumulating evidence that circulating mtDNA is 
associated with systemic inflammation, it has not been previously examined whether mtDNA is circulating as 
free DNA complexed within subcellular particles, or as free extracellular mitochondria. When we subjected 
donor plasma to centrifugal forces sufficient to pellet mitochondria, we found that the majority of circulating 
mtDNA pelleted. This is in comparison to gDNA, which did not. Examination of the pellet by electron micros-
copy demonstrated that both free mitochondria and mitochondria contained within subcellular vesicles were 

Figure 5. Elevated levels of N-formylated peptides are present in the circulation 
of deceased organ donors. N-formylated peptides (NFPs) present in sera of healthy 
normal donors (NDs, n = 10), donation after brain death (DBD) donors (n = 54), and 
donation after cardiac death (DCD) donors (n = 10) were measured by ELISA. Each 
data point represents the mean of duplicate assays. The gray boxes represent the 
interquartile range, the lines represent the median, and whiskers indicate the range 
of observed responses. Comparisons were performed using a Mann-Whitney test. P 
< 0.05 was considered significant.
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present. Furthermore, flow cytometry analysis of pelleted donor plasma clearly demonstrated microparticles 
that were positive for TOMM22, a mitochondrial outer membrane protein. Similar to mtDNA, TOMM22+ 
particles were significantly elevated in deceased donors compared with healthy controls. These data suggest that 
circulating extracellular mitochondria may be a significant source of circulating mtDNA.

The identification of  specific DAMPs responsible for inflammation in deceased donors may allow 
for the development of  specific interventions that reduce graft immunogenicity and improve graft func-
tion and longevity. While our study demonstrates a correlation between mtDNA and donor inflam-
mation, it does not establish that circulating mtDAMPs directly cause donor inflammation or are just 
a marker of  tissue injury or inflammation. Similarly, we cannot conclude from our study whether 
circulating mitochondria directly cause EAD or may merely serve as a biomarker for the development 
EAD. Studies involving the blockade of  donor mtDAMPs, or animal transplant studies involving the 
pretreatment of  donors with mtDAMPs, will better define the role of  mitochondria in donor inflam-
mation and posttransplant allograft function.

Figure 6. Elevated levels of mitochondrial DNA and whole mitochondria are present in the circulation of deceased 
organ donors. RT-qPCR was used to measure the amount of (A) mitochondrial DNA (mtDNA) and (B) genomic DNA 
(gDNA) present in plasma from healthy normal donors (NDs, n = 10) and deceased donors (donation after brain death 
[DBD], n = 55; donation after cardiac death [DCD], n = 10). (C) The majority of mtDNA, but not gDNA, was depleted from 
donor plasma (n = 48) by centrifugation. (D) Plasma from deceased donors (DBD, n = 41; DCD, n = 8) contain higher 
levels of microparticles per ml of plasma positive for TOMM22 compared with plasma from healthy NDs (n = 10). (E) 
Electron microscopy confirmed the presence of whole intact mitochondria (white arrows) in serum samples collected 
from deceased organ donors. Mitochondria were observed either within membrane vesicles (black arrows in left and 
center panels) or free (right panel). Scale bar: 500 nm. In A, B, and D gray boxes represent the interquartile range, the 
lines represent the median, and whiskers indicate the range of observed responses. Comparisons were performed using 
a Kruskal-Wallis with Dunn’s multiple comparison test (A, B, and D) or Wilcoxon matched-pairs signed-rank test (C). P 
< 0.05 was considered significant.
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In summary, we have identified the presence of  mtDAMPs in the circulation of  deceased organ donors 
and have demonstrated an association between circulating mtDNA and the inflammatory response to brain 
death as well as allograft function following liver transplantation. We have further identified NFPs as a 
specific donor mtDAMP that activates PMNs. Further investigation will determine if  other donor DAMPs, 
such as HMGB1 (55), also correlate with donor inflammation and whether detecting a combination of  
DAMPs is more highly predictive of  graft outcomes.

Methods
Sample collection and processing. Peripheral blood was collected from healthy donors and deceased donors by 
venipuncture. Peripheral blood samples were collected from deceased organ donors in the operating room 
prior to organ procurement. Acid citrate dextrose (ACD) tubes were collected for preservation of  plasma 
and peripheral blood leukocytes, and serum separator tubes were used to collect sera (BD). Blood was 
stored at 4°C for less than 24 hours prior to processing. Plasma and sera were isolated by centrifugation for 
10 minutes at 500 g to separate cells, followed by transfer to a 15-ml conical tube and subsequent centrifu-
gation at 1,200 g for 15 minutes to deplete platelets. Plasma and serum samples were aliquoted and stored 
at –80°C until use. The remaining cell fraction in the ACD collection tube served as the source of  fresh 
peripheral blood leukocytes used in the assays described below.

Immunoprofiling of  peripheral PMNs by whole blood flow cytometry. The phenotype and activation pro-
file of  PMNs present in the plasma-depleted cell fraction of  peripheral blood of  deceased organ donors 
and healthy living NDs were determined by flow cytometry after staining with the panel of  fluorescently 
conjugated monoclonal antibodies described in Supplemental Table 1. For staining, 100 μl plasma-deplet-
ed blood was incubated with 100 μl monoclonal antibodies at room temperature for 25 minutes. Next, 
red blood cells were lysed by incubation with BD Pharm Lyse (BD Biosciences) for 15 minutes at room 
temperature. The cells were then washed with 1% FBS in PBS and stained with the Aqua LIVE/DEAD 
Fixable Aqua Dead Cell Stain Kit (dilution 1:800, Thermo Fisher Scientific) for 20 minutes to permit 
identification of  viable cells. The cells were washed again with 1% FBS PBS, fixed in 1% paraformaldehyde 
PBS, and acquired using a BD Fortessa flow cytometer (BD Biosciences) running FACSDiva acquisition 
software (BD Biosciences). The cytometer was rigorously maintained with quality control procedures regu-
larly performed as described by Perfetto and colleagues (61). Flow cytometry data analysis was performed 
using FlowJo 9.9.4 software. Gates were established using fluorescence minus one staining mixture. To 
compare expression levels on cells isolated from deceased donors to those isolated from healthy living NDs, 
we calculated the ratio of  the MFIs of  each interrogated protein on the cell surface of  PMNs present in 
the blood of  deceased donors with respect to the mean of  MFIs observed for PMNs from healthy donors.

Ex vivo bioassay for activation of  healthy donor PMNs by deceased donor plasma. Red blood cells were lysed 
from plasma-depleted ACD-preserved blood of  healthy living NDs using BD Pharm Lyse according to 
manufacturer’s recommended protocol (BD Biosciences). 100 μl of  the leukocytes and 100 μl of  plasma 
samples (from deceased donors and healthy living ND controls) were added to wells of  96-well V-bottom 
plates (Corning Life Science) and incubated overnight (18 hours) at 37°C and 5% CO2. Plates were then 
washed with 1% FBS in PBS and prepared for flow cytometry analysis as described above. Assays were 
performed using leukocytes from a minimum of  2 healthy living NDs in independent experiments, and 
mean data were used for calculation of  MFI ratios as described above. Data were reported as MFI ratios 
calculated from the MFIs observed after incubation of  leukocytes with the tested DCD, DBD, or ND plas-
ma samples compared with MFIs observed for leukocytes incubated with autologous plasma.

Figure 7. N-formylated peptides present in the circulation of deceased organ 
donors contribute to PMN activation. Treatment of healthy donor PMNs with 
cyclosporin H (CsH) inhibits the plasma maximum ROS response induced by 
deceased donor plasma samples (n = 6). Each data point represents the mean of 
2 independent experiments. The gray boxes represent the interquartile range, the 
lines represent the median, and whiskers indicate the range of observed responses. 
Comparisons were performed using the Wilcoxon matched-pairs signed-rank test. P 
< 0.05 was considered significant.
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Production of  ROS by plasma-stimulated PMNs. Red blood cells were lysed from plasma-depleted ACD-pre-
served blood collected from healthy living NDs as described above. The leukocyte fraction was washed with 
1% FBS PBS, resuspended in serum-free RPMI 1640 medium (Gibco, Thermo Fisher Scientific), and plat-
ed at 2.5 × 105 cells per well in one-half  area opaque flat-bottom plates (Corning Life Science). Luminol 
(MilliporeSigma; final concentration 50 μg/ml) and plasma samples (final dilution 1:2) were added to the 
wells, and luminescence was recorded every 2 minutes for 10 reads at 37°C using a VICTOR Multilabel plate 
reader (PerkinElmer). fMLP (final concentration 2 μM) was then added to each well, and luminescence was 
measured every 2 minutes for another 10 reads. Each sample was tested in duplicate, using a minimum of 2 
independent experiments performed with leukocytes isolated from different normal healthy donors. Where 
indicated, mitochondria were depleted from plasma samples by centrifugation at 15,000 g for 10 minutes, and 
parallel assays were performed using whole plasma samples and the mitochondria-depleted plasma samples. 
For inhibition experiments, leukocytes were pretreated with CsH (Abcam, 1-10 μM) or diluent control for 5 
minutes at room temperature, and CsH was maintained at the indicated concentration for the duration of  the 
assay. Control experiments were performed using stimulation with PMA (1 μM), and LPS (2 μg/ml) was used 
to confirm that CsH specifically inhibited NFP-induced ROS at the concentrations used.

Serum cytokine and chemokine analysis. Serum cytokine and chemokine concentrations were assayed 
in duplicate using a 25-plex assay panel (Invitrogen, LHC0009M, Thermo Fisher Scientific) performed 
according to the manufacturer’s recommended protocol and read using a Bio-Plex 200 array reader (Bio-
Rad). Data were analyzed using Bio-Plex Manager software (Bio-Rad).

Serum DNA quantification. mtDNA and gDNA were quantified by RT-qPCR. To prevent error asso-
ciated with DNA purification techniques, we performed RT-qPCR directly on patient sera using a 
serum-stable DNA polymerase (Omni-KlenTaq-2 DNA Polymerase, DNA Polymerase Technology Inc.) 
and a PCR enhancer cocktail (PEC-2, DNA Polymerase Technology). Primers specific for COX2 (cyto-
chrome C oxidase subunit II; forward: 5′-ATGACCCACCAATCACATGC-3′, reverse: 5′-ATCACAT-
GGCTAGGCCGGAG-3′) and GAPDH (forward: 5′-CTGGGAACGAGAGGTTAAGCA-3′, reverse: 
5′-GGGTCTGGTCACAATATACCACC-3′) were used for mtDNA and gDNA, respectively. Final 
DNA concentrations were determined using standard curves generated with parallel RT-qPCR reactions 
that used purified mtDNA and gDNA of  known concentrations as templates.

Flow cytometry analysis for mitochondria in plasma. Plasma samples were cleared of  cellular debris by 
centrifugation at 1,200 g for 5 minutes. Plasma microparticles were then pelleted by centrifugation at 

Figure 8. Donor plasma mitochondrial DNA 
levels correlate with early allograft dys-
function following liver transplantation. (A) 
Donor plasma mitochondrial DNA (mtDNA) 
and (C) N-formylated peptide (NFP) levels 
were compared between liver transplant 
recipients with or without early allograft 
dysfunction (EAD), defined as serum AST 
>1,500 U/l within 7 days of transplantation. 
(B) Donor plasma mtDNA and (D) NFP levels 
were compared between kidney transplant 
recipients with or without EAD, defined 
as either slow graft function (SGF, sCr ≥3 
mg/dl at POD5) or delayed graft function 
(DGF, dialysis requirement within 7 days of 
transplantation). The gray boxes represent 
the interquartile range, the lines represent 
the median, and whiskers indicate the range 
of observed responses. Comparisons were 
performed using a Mann-Whitney test. P < 
0.05 was considered significant.
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12,000 g for 15 minutes. The supernatant was removed, and the microparticle pellet was stained with anti-
TOMM22 antibody (clone EPR13505; catalog ab179826, Abcam) for 10 minutes at room temperature, 
washed in PBS, and then stained with donkey anti-rabbit IgG-Alexa Fluor 647 polyclonal antibody (catalog 
ab150075, Abcam). The stained microparticles were rinsed again with PBS and analyzed immediately 
using a BD LSRII flow cytometer running FACSDiva software (BD Biosciences).

Identification of  plasma mitochondria by electron microscopy. Plasma microparticle pellets were prepared as 
described above. Thin sections were obtained from pelleted plasma microparticles fixed with 3% glutaral-
dehyde in 0.1 M cacodylic acid buffer (pH 7.4, Ladd Research Industries). The sample was washed 3 times 
with 0.1 M cacodylic acid buffer and post-stained with 1% osmium tetroxide in cacodylic buffer for 1 hour. 
Cells were then washed as before and embedded in 1% agarose. The agarose containing the cell sample 
was then prestained with 2% uranyl acetate (Polaron Instruments Inc.) overnight at 4°C. The samples were 
washed and carried through acetone dehydration steps. Infiltration was done using the Epon embedding 
kit. Samples were sectioned ultrathin (60–70 nm) on a Reichert Ultracut E ultramicrotome and stained 
with 2% uranyl acetate in 50% ethanol for 30 minutes and SATO’s Lead stain for 1 minute. Samples were 
imaged on a Philips CM12 electron microscope.

Serum NFP quantification. Levels of  NFPs present in serum samples were determined by specific immu-
noassays (Human formylmethionine [fMet] ELISA Kit; MyBioSource Inc.) performed according to the 
manufacturer’s recommended protocol. Samples were tested in duplicate, and absorbance was measured 
using a VICTOR Multilabel plate reader (PerkinElmer). Concentrations were determined by interpolation 
of  standard curves using Prism 7 software (GraphPad Software Inc.).

Statistics. P values were obtained from Mann-Whitney test (unpaired data) or from Wilcoxon matched-pairs 
signed-rank test (paired data) for continuous variables and Fisher’s exact test for categorical variables. Two-tailed 
P values of less than 0.05 were considered significant. For multiple comparisons, Kruskal-Wallis with Dunn’s 
multiple comparison test was performed. Spearman’s correlation and P values were calculated for fMET, endo-
toxin, circulating DNA, inflammatory markers, and continuous donor factors, i.e., age, BMI, KDPI, and white 
blood cell count. P values showed whether the correlation was significantly different from 0. No adjustment for 
multiple testing was implemented. Furthermore, each donor characteristic was investigated for its relationship 
with the biomarkers using Spearman’s correlation or Kruskal-Wallis test. No correction for multiple testing was 
applied. Analyses were performed using GraphPad Prism 7 software or R version 3.4.3.

Study approval. All human samples and data were collected in accordance with protocols approved by 
the Duke University Institutional Review Board and by Carolina Donor Services (Durham, North Caroli-
na, USA). Signed written informed consent was received from study participants or authorized legal repre-
sentatives for the use of  samples for research purposes prior to inclusion in this study. None of  the donors 
were prisoners at the time of  donation. Donor data were obtained from the United Network of  Organ 
Sharing and a research protocol approved by the Carolina Donor Services.
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