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Introduction
Orthotopic liver transplant (OLT) is the primary therapy for end-stage liver disease and acute liver fail-
ure. Ischemia/reperfusion injury (IRI) occurs as an inevitable consequence of  the transplant process, 
beginning with organ procurement and preservation and followed by reperfusion of  the donor organ 
with recipient blood during transplant (1). Data from murine models have indicated that liver IRI has 
hypoxic cellular stress and inflammation-mediated injury components (2–5). Local circulatory damage 
first induces endogenous reactive oxygen species production causing hepatocyte death. This cellular 
damage initiates the second phase by recruiting and activating innate immune cells at the site of  injury. 
IRI is then further exacerbated by the adaptive immune system; indeed, activated CD4+ T cells are essen-
tial in promoting IRI-related inflammation and hepatocyte damage in mice. IRI can lead to primary graft 
nonfunction and need for retransplantation (6) and predisposes the recipient to both acute and chronic 
rejection and graft loss as well as decreases the pool of  transplantable organs. Although IRI is a signifi-
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cant clinical problem across all solid organ transplants, remarkably few studies have been conducted in 
the setting of  human transplantation to understand its mechanistic underpinnings.

Several clinical tests are routinely used to monitor liver dysfunction (7). These include increased elevated 
blood levels of  the intracellular liver enzymes alanine transaminase (ALT) and arginine transaminase (AST), 
which are released upon hepatocellular damage. Total bilirubin is also used as a measure of  liver function, as 
it indicates either impaired heme catabolism or cholestasis, a partial to complete blockage of  bile flow. Finally, 
prothrombin time, reported as the international normalized ratio (INR), is a common blood clotting test used 
as a measure of  liver biosynthetic function. However, all of  these tests suffer from poor sensitivity and specific-
ity, and it is uncertain how these tests relate to IRI, which is currently only identifiable by biopsy.

The liver is home to a tightly regulated cytokine network. Hepatocytes are highly susceptible to cyto-
kine activity in physiological and pathophysiological conditions, both acute and chronic (8). In the adult 
liver, approximately 30% of  the liver’s cells are nonhepatocytes and include hepatic stellate cells, liver 
sinusoidal endothelial cells, macrophages (Kupffer cells), dendritic cells, and lymphocytes, which can pro-
duce a variety of  cytokines, chemokines, and growth factors acting systemically or in a paracrine manner 
on hepatocytes and nonparenchymal cells (9, 10). Additionally, several cytokines are key mediators of  the 
hepatic acute phase response (11). Any of  these cytokines might be induced upon acute liver injury, such as 
IRI; however, their involvement and kinetics in this process remain unclear.

Here, we characterized the evolution of  the immune response in 53 OLT recipients using multiplex 
cytokine profiling of  recipient circulating systemic and portal venous blood before, during, and after OLT 
(up to 1 month after transplant). In addition, we analyzed clinical liver function tests early after transplan-
tation and correlated gene expression of  cytokine receptors in allograft biopsies obtained before and after 
reperfusion. We show that patients classified as either IRI+ (n = 26) or IRI– (n = 27) by histopathology have 
distinct cytokine signatures at each time point and display differential levels of  bilirubin and AST shortly 
after transplant. We further show a switch from innate to adaptive immune responses in IRI+ patients that 
appears to be driven by cytokines from within the allograft itself. Finally, we demonstrate the expression 
of  genes encoding cognate receptors for many of  the increased cytokines found in IRI+ patients. Taken 
together, these results point to key differences between IRI+ and IRI– patients’ immune statuses before, 
during, and after transplant that could lead to a chronic state of  inflammation, rather than a complete reso-
lution of  an acute response. Understanding the timing of  immune events, and the contribution of  both the 
donor and recipient to the inflammatory milieu, is critical to developing much needed therapeutic strategies 
to reduce IRI and improve OLT outcomes.

Results
OLT recipient and donor characteristics. To test the hypothesis that cytokine and chemokine profiles can be 
used to assess the immune status of  the OLT recipient and the risk of  IRI, we analyzed plasma before and 
after transplant and liver allograft biopsies after reperfusion from 53 recipients enrolled in our IRB-ap-
proved study after written, informed consent was obtained. To determine the incidence of  IRI in our study 
population, intraoperative biopsies of  the liver allograft after reperfusion were assessed according to a mod-
ified Suzuki (12) histological grading system (Table 1). Our scoring criteria consisted of  presence of  neu-
trophilic inflammatory infiltrates along with necrotic hepatocytes; patients scoring a 0 or 1 overall were 
designated as IRI–, and patients scoring a 2–4 overall were designated as IRI+.

All 53 recipients were scored for IRI severity by histopathology and 26 were graded as IRI+ and 27 
were graded as IRI–. Plasma samples from circulating systemic blood were collected preoperatively (PO) 
and at 1 day (D1), 1 week (W1), and 1 month (M1) after transplant. Intraoperative blood was also collected 
from the portal vein (PV) of  the recipient before and after it was used to reperfuse the donor liver (liver flush 
[LF]). The demographic data and clinical parameters of  the recipients and donors are shown in Table 2. 
Multivariate analysis did not find any correlation between degree of  IRI and any of  the recipient or donor 
demographics or clinical parameters, including major factors previously implicated in IRI, such as age (13), 
gender (14), MELD score (15, 16), or extended cold ischemia time (17).

Clinical liver function tests can be informative regarding IRI status. Transplant recipients were evaluated 
for liver function with standard-of-care tests, including AST, ALT, serum total bilirubin, and INR. 
Measurements were obtained daily during the first week after transplant (Figure 1). Bilirubin was sta-
tistically higher in IRI+ recipients than in IRI– recipients on day 2 and 3 after transplant. Both ALT 
and AST showed a downward trend over time in both IRI+ and IRI– recipients. However, AST values 
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were significantly increased in IRI+ recipients on days 5 and 6 after transplant as compared with IRI– 
recipients. ALT and INR values were comparable in the two groups at time points tested. These data 
suggest that disturbances in bilirubin levels early in the first week after transplant and AST later that 
same week are mediated by IRI.

Circulating cytokines and chemokines are differentially expressed in IRI+ and IRI– patients before and after OLT. 
We used unsupervised hierarchical clustering to first identify patterns before and after transplant of  38 
cytokines, chemokines, and growth factors in the systemic blood (Figure 2). The algorithm clustered the 
samples by similarity of  cytokine profiles. Remarkably, the overall cytokine pattern in peripheral blood 
segregated patients by IRI status, except for samples collected at M1, suggesting that IRI induces a distinct 
cytokine signature very early after transplant.

The algorithm clustered analytes into 3 main groups. The first cluster contained 3 Th2-type or anti-
inflammatory cytokines (IL-13, IL-10, and IL-1Ra), no chemokines, and 3 growth factors (IL-15, IL-2, 

Table 1. Histopathological grading system of liver IRI in human OLT

Feature Description GradeA

0 1 2 3 4
Histopathological 
features evaluated 
as part of IRI grading 
system
Inflammation Neutrophilic 

infiltrates
None Scattered neutrophils in 

sinusoids ± rare clusters of 
neutrophils 

Sinusoidal 
neutrophils + 

small clusters of 
neutrophils in most 

lobules

Sinusoidal 
neutrophils in 
all lobules and 

prominent clusters 
of neutrophils in 
>50% of lobules

Pan-lobular 
sinusoidal 

neutrophils in all 
lobules

Necrosis Lobules with 
necrotic clusters

None Single-cell necrosis in one or 
more lobule

At least 1 cluster 
of necrotic cells ± 

single cell necrosis

Clusters of necrotic 
cells in most 

lobules, at least one 
with more than 10 
necrotic cells per 

cluster

60% of parenchyma 
is necrotic or there is 
pan-lobular necrosis 

in more than one 
lobule

Overall degree of I/R 
injury

Consider 
inflammation 
and necrosis, 

with emphasis on 
necrosis

None PMNs in sinusoidal zone 
3 with rare hepatocellular 

necrosis

PMNs in sinusoidal 
zone 3 with ≥1 

cluster of necrotic 
hepatocytes 

Clusters of 
hepatocellular 

necrosis in >50% of 
lobules

60% of parenchyma 
or pan-lobular 

necrosis in >1 lobule

Additional 
histopathological 
features evaluated
Congestion Sinusoidal None Scattered sinusoids or 

prominent zone 3 sinusoidal 
congestion in one lobule

Zone 3 congestion in 
most lobules

Zone 2 and 3 
congestion in most 

lobules

Pan-lobular 
congestion in most 

lobules
Ballooning Hepatocellular None Rare single ballooning cell 

per lobule
Scattered ballooning 
cells in most lobules 

and or prominent 
cluster in 1 lobule

Prominent clusters 
of ballooning cells in 

most lobules

Pan-lobular 
hepatocellular 

ballooning involving 
more than one 

lobule
Large-droplet 
macrovesicular steatosis 
(single/few large lipid 
vacuoles occupying 
>50% of a cell with 
nuclear displacement)

% parenchymal 
replacement

none ≤10% 10–20% 20%–30% ≥30%

Cholestasis Canalicular or 
hepatocellular

None Rare zone 3 Prominent in ≥1 
lobule

Prominent most 
lobules

Prominent zone 3 in 
most lobules, zone 1 

≥1 lobule
A1, minimal; 2, mild; 3, moderate; 4, severe.
 



4insight.jci.org   doi:10.1172/jci.insight.89679

C L I N I C A L  M E D I C I N E

and G-CSF). The median for this group of  cytokines was highest in IRI+ 
patients at D1. The second cluster contained 8 cytokines (IL-12p70, 
IL-5, IL-1β, IL-17A, TNF-α, IL-9, sCD40L, and IFN-α2), 6 chemokines 
(CX3CL1, CCL4, CCL7, CXCL1, CCL2, and CCL11), and 4 growth 
factors (Flt-3L, VEGF, FGF-2, and IL-3). Overall, the median for these 
analytes was higher in the IRI+ group compared with the IRI– group PO, 
at D1, and at W1. In addition, the growth factor Flt-3L showed strongest 
expression at M1 for both groups of  patients as compared with any other 
time point, with expression in the IRI+ group being higher than that in 
the IRI– group. The third cluster was enriched in analytes with proinflam-
matory activity and included 6 cytokines (TNF-β, IL-12p40, IL-4, IL-6, 
IFN-γ, and IL-1α), 4 chemokines (CCL22, CCL3, CXCL8, and CXCL10), 
and 4 growth factors (IL-7, EGF, GM-CSF, and TGF-α). The median for 
this group was higher overall in IRI+ patients compared with IRI– patients 
at PO, suggesting predisposition to IRI damage.

We then evaluated each cytokine individually for its correlation with IRI outcome (Figure 3). PO blood 
from IRI+ recipients showed significantly increased expression of  the cytokines IL-1Ra, TNF-α, IL-5, and 
IL-13; the chemokine CXCL8; and the growth factors IL-2, IL-7, and EGF compared with IRI– recipients. 
Early after transplantation (D1), the cytokines IL-1Ra, IL-4, IL-13, and IL-17A were significantly high-
er in IRI+ patients compared with IRI– patients. W1 following transplantation, the cytokines IL-1α and 
IL-4 were significantly higher in the circulation of  IRI+ patients, as was the chemokine CCL11 and the 
growth factors IL-2, IL-3, and IL-7. Late after IRI (M1), significant increases in IL-1Ra were seen in IRI+ 
patients and IL-1α was no longer significantly different between IRI groups. At this time point, IL-13 was 
significantly increased in IRI+ patients. IL-17A was significantly increased in IRI+ patients at M1, as were 
IL-2 and IL-3 (Figure 3). Other cytokines tested did not show significant differences at these time points 
between IRI groups (Supplemental Figure 1). These data show a clear switch from primarily acute/innate 
inflammatory mediators to chronic/adaptive inflammatory mediators, occurring by D1 after transplant, 
that persists in IRI+ patients up through at least M1 after transplant.

Donors and recipients contribute differentially to cytokine expression during OLT. OLT-IRI severity could 
potentially be affected by mediators from either, or both, of  the donor and recipient immune systems. 
Therefore, we explored the contributions of  cytokines, chemokines, and/or growth factors from these dis-
tinct sources by comparing recipients’ portal venous blood before (PV) or after being flushed through the 
donor organ (LF) after it has been anastomosed, which constitutes the actual reperfusion event (Figures 4 
and 5). PV blood has not yet come in contact with the donor allograft and, therefore, serves as a baseline for 
the recipient’s soluble immune contribution to IRI at the time of  reperfusion. We reason that the LF sample 
should still contain the same factors as the PV sample but will also contain soluble factors released from the 
allograft during the reperfusion event.

For the portal blood samples taken before and after reperfusion, the algorithm clustered the samples by 
origin (PV or LF) rather than IRI status, indicating that the transplanted liver is contributing or retaining 
cytokines selectively, modifying the overall cytokine signature of  the portal blood (Figure 4). Cytokines 
clustered into 5 main groups. Of  note, IL-1Ra clustered by itself  and was highly enriched after portal 
blood was flushed through the liver, especially in IRI+ patients. The second cluster contained 4 cytokines 
(IL-13, IL-6, IL-5, and IL-9), 2 chemokines (CXCL1 and CX3CL1), and 5 growth factors (IL-15, FGF-2, 
IL-3, Flt-3L, and IL-7). This group showed their strongest expression in the portal blood of  IRI+ patients, 
regardless of  whether the sample was obtained before (PV) or after reperfusion (LF). The third cluster 
contained 3 cytokines (IL-1β, IL-12p70, and LT-α), 1 chemokine (CXCL8), and 1 growth factor (IL-2). 

Figure 1. Recipient clinical tests of liver function after OLT-IRI correlate with IRI. 
Four clinical liver function tests were performed on recipient circulating peripheral 
blood taken on days 1–7 after transplant (D1–D7). Data are presented as Tukey box-
and-whisker plots: whiskers are inner fences reaching 1.5 times the interquartile 
range and boxes represent the interquartile ranges, dots indicate outlying values, 
and lines represent median values for each day: bilirubin (mg/ml), ALT and AST 
(U/l), or INR. n = 53; 26 IRI– and 27 IRI+. *P < 0.05. The Wilcoxon rank-sum test 
was used for comparison between IRI+ and IRI– patient groups.
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This group showed high expression in the portal blood samples of  IRI+ patients taken prior to reperfusion 
through the liver (PV). The fourth cluster was the largest, with 6 proinflammatory, Th1/17-type cytokines 
(IFN-γ, TNF-α, IL-1α, IFN-α2, IL-12p40, and IL-17A), 6 chemokines (CCL3, CXCL10, CCL7, CCL11, 
CCL7, and CCL2), and 3 growth factors (TGF-α, GM-CSF, and VEGF). Similar to the second cluster, this 
group had higher cytokine expression in portal blood taken prior to reperfusion from OLT recipients. The 
fifth cluster contained 3 cytokines (sCD40L, IL-4, and IL-10), 1 chemokine (CCL22), and 2 growth factors 
(EGF and G-CSF); this group had higher expression in PV, especially in IRI– patients.

We then analyzed each cytokine individually, similarly to what was done for the systemic blood. 
PV blood from IRI+ patients showed significant increases in the chemokine CXCL8 and the growth 
factor IL-3 over PV blood from IRI– patients (Figure 5). CXCL8 and IL-3 were also found in LF. In 
addition, LF from IRI+ patients also showed significant increases over IRI– patients in the expression 
of  the cytokines IL-1Ra and IL-12p70 and the growth factor IL-2, which were not seen in PV blood 
samples. Recipient systemic blood taken before operation showed increases in both IL-1Ra and IL-2 as 
well (Figure 3); however, IL-12p70 was only significantly increased in IRI+ patient’s LF samples (Fig-
ure 5), implicating the donor organ as the significant source of  this adaptive cytokine. Other cytokines 
tested did not show significant differences (Supplemental Figure 2).

Genes encoding cognate receptors for IRI-related recipient cytokines are expressed in donor livers. Most cyto-
kines signal through cognate receptors expressed on the surface of  responsive cells. As such, we exam-
ined biopsy samples before and after reperfusion from a smaller representative cohort of  IRI+ (n = 4) 
and IRI– (n = 6) patients for the expression of  genes encoding receptors for any of  the 14 cytokines that 
were found to be upregulated in IRI+ patient blood at any time point (Figure 6). We found expression of  
IL-1R1, whose protein product can bind IL-1α, IL-1β, or IL-1Ra, as well as expression of  the gene that 
encodes the decoy receptor for these cytokines, IL-1R2. Additionally, we found intragraft expression of  
both TNFSR1A and TNFSR1B, which encode the receptors TNFR1 and TNFR2, respectively, both of  
which can bind the cytokine TNF-α. The genes IL-4R, IL-13RA1, and IL-13RA2 were all found to be 
expressed. These genes encode the receptors for the cytokines IL-4 (IL-4R and IL-13RA1) and/or IL-13 
(IL-13RA1 and IL-13RA2). We found expression of  IL-17RA and IL-17RC, which encode receptors for 
IL-17A; CXCR1 and CXCR2 genes, which encode receptors for the chemokine CXCL8; and CCR2 and 
CCR5, which encode receptors for CCL11. IL2RA and IL2RB, which encode cognate receptors for IL-2, 
were also present, as was EGFR, which encodes the receptors for EGF. We did not see significant changes 
in the expression levels of  any of  these cytokine receptor-encoding genes based on either the reperfusion 
event or patient IRI status, suggesting that the IRI risk factor is at the cytokine level rather than the receptor 
level. No genes encoding any of  the known potential receptors for IL-3, IL-5, IL-7, or IL-12 were detectable 
in biopsy tissues, suggesting that the liver might not be responsive to these cytokines.

Histopathological grading of  IRI in human OLT is based on inflammation and necrosis, with additional biopsy 
features evaluated. Although our principal scoring criteria consisted of  presence of  neutrophilic inflamma-
tory infiltrates along with necrotic hepatocytes, IRI+ patients typically presented one or more additional 
histopathological features, including sinusoidal congestion, hepatocyte ballooning, macrovesicular ste-
atosis, and cholestasis (Figure 7A). Figure 7A shows examples of  biopsies from 4 representative OLT-
IRI patients, with marked presence of  these additional features along with substantial inflammation and 
necrosis. No specific combination of  these features was noted among IRI patients with them; however, 
over two-thirds (18 of  26, 69%) of  IRI+ patients presented with at least one other prominent histopatho-
logical feature in addition to the well-accepted measures of  IRI (inflammation and necrosis), with 31% 
(8 of  26) also having an increase in one other feature, 27% (7 of  26) presenting with two additional fea-
tures, and 12% (3 of  26) with three other features (Figure 7B). Nearly half  (44%) of  IRI– patients had no 
increase in any of  the 4 extrahistopathological features. 22% of  IRI– patients had an increase in only one 
additional feature evaluated, and 26% had an increase in two of  the histopathological features. No IRI– 
patients had increases in three or four of  the additional histopathological features scored.

Sinusoidal congestion has been associated with long-term liver dysfunction (18). This congestion is typ-
ically due to cardiac pump dysfunction, which causes a similar pulse of  prolonged ischemia, followed by 
relatively sudden reperfusion in the liver as occurs during OLT. About half  of  IRI+ patients had increased 
amounts of  congestion (12 of  26 = 46%), whereas only 22% (6 of  27) of  IRI– patients had some signs of  
congestion (Figure 7C). We evaluated ballooning degeneration as an early form of  hepatocyte death via 
apoptosis. 27% (7 of  26) of  IRI+ patients presented with ballooning, which was similar to that seen in 
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IRI– patients (7 of  27 = 26%). Large-droplet macrovesicular steatosis, when accompanied with prominent 
inflammation, has been shown to impair liver regeneration, due to increased hepatocellular lipid peroxi-
dation and damage (19). In IRI+ patients, 10% of  parenchymal hepatocytes consistently had large-droplet 
macrovesicular steatosis, while this was not the case in IRI– patients. 38% (10 of  26) of  IRI+ patients had 
multiple zone 3 large-droplet macrovesicular steatosis in most lobules, while only 19% (5 of  27) of  IRI– 
patients had increased steatosis (Figure 7C). Finally, we evaluated cholestasis. We detected only rare zone 
3 canalicular or hepatocellular cholestasis, suggesting that the presence or absence of  cholestasis is more 
important than the degree of  cholestasis at this early intraoperative time point (Figure 7C).

To determine if  additional features seen by histopathology were relevant in assessing IRI severity and 
outcome, we evaluated our clinical liver function data from the first week following OLT. AST at days 5 and 
6 was elevated in IRI+ patients with one or more additional histopathological features (Figure 7D) as com-

Figure 2. Recipient circulating cytokines, chemokines, and growth factors cluster by IRI status and then time point relative to OLT. Thirty-eight 
cytokines, chemokines, and growth factors were measured in circulating blood of OLT recipients preoperatively (PO) and at postoperative day 1 (D1), week 
1 (W1), or month 1 (M1) time points by Luminex multiplex assay. Shown is a heatmap in which the rows represent cytokines, the columns represent IRI 
status at each time point, and the colors represent normalized median cytokine concentration values (white = low, red = high). The rows and columns are 
ordered based on the results of unsupervised hierarchical clustering, with dendrograms for the cytokines and patient groups shown on the vertical and 
horizontal axes, respectively.
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pared with IRI– patients with one or more additional features or IRI+ or IRI– patients with no additional 
histopathological features. These data suggest that the presence of  additional histological features cor-
relates with increased liver dysfunction shortly after transplant in IRI+ patients. Additionally, in evaluating 
the outcomes of  our patient cohort within the first year following transplant (Table 3), we found that OLT 
recipients designated as IRI+ based on our scoring system were more likely to suffer complications requir-
ing more than one “for-cause” biopsy (50% IRI+ vs. 11% IRI–), showed signs of  more severe complications 
such as acute cellular rejection (ACR) (33% IRI+ vs. 0% IRI–) or antibody-mediated rejection (AMR) (33% 
IRI+ vs. 11% IRI–) versus those patients designated as IRI– who mostly had HCV recurrence (67% IRI– vs. 
17% IRI+), and showed signs of  more than one complication (67% IRI+ vs. 0% IRI–).

Table 2. OLT patient and donor demographics

Demographic data Total (n = 53) IRI+ (n = 26) IRI– (n = 27) P valueA

Recipient
Age, yr (mean ± SD) 56 ± 10 55 ± 10 57 ± 11 0.51
Gender (n [%]) 0.77
Men 35 (66) 18 (69) 17 (63)
Women 18 (34) 8 (31) 10 (37)
Race/ethnicity (n [%]) 0.49
Asian 5 (9) 3 (12) 2 (7)
Black/African American 2 (4) 1 (4) 1 (4)
White/European descent 22 (42) 8 (31) 14 (52)
Hispanic 23 (43) 13 (50) 10 (37)
Undisclosed 1 (2) 1 (4) 0 (0)
Disease etiology (n [%]) 0.89
Alcoholic 9 (17) 5 (19) 4 (15)
HBV 4 (8) 3 (12) 1 (4)
HCV 24 (45) 11 (42) 13 (48)
NASH 9 (17) 4 (15) 5 (19)
Other 7 (13) 3 (12) 4 (15)
MELD, at transplant (mean ± SD) 34 ± 6 34 ± 7 33 ± 6 0.49
ABO (n [%]) 0.35
Identical 49 (92) 23 (88) 26 (96)
Compatible 4 (8) 3 (12) 1 (4)
HCC (n [%]) 20 (38) 8 (31) 12 (44) 0.40
Transplant(s) (n [%]) 0.42
Isolated liver 47 (89) 22 (85) 25 (93)
Liver-kidney 6 (11) 4 (15) 2 (7)

Donor
Age, yr (mean ± SD) 46 ± 17 46 ± 16 46 ± 18  0.99+
Gender (n [%]) 0.28
Men 25 (47) 10 (38) 15 (56)
Women 28 (53) 16 (62) 12 (44)
Race/ethnicity (n [%]) 0.51
Asian 4 (8) 3 (12) 1 (4)
Black/African American 4 (8) 2 (8) 2 (7)
White/European descent 29 (55) 12 (46) 17 (63)
Hispanic 15 (28) 9 (35) 6 (22)
Undisclosed 1 (2) 0 (0) 1 (4)
Status 0.99+
DBD 52 (98) 26 (100) 26 (96)
DCD 1 (2) 0 (0) 1 (4)
Cold Ischemia, hours (mean ± SD) 7.2 ± 2.1 7.2 ± 2.6 7.1 ± 1.5 0.85
At test for continuous variables; Fisher’s exact test for categorical variables DBD, donation after brain death; DCD, donation after circulatory death; 
HCC, hepatocellular carcinoma; NASH, nonalcoholic steatohepatitis; MELD, Model for End-Stage Liver Disease.
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Discussion
Severe IRI occurs at several key time points during the process of  OLT, starting with oxidative stress in 
the organ donor, continuing during cold storage and transport of  the organ, and again when the organ 
is warmed and reperfused with blood from the recipient. These events all contribute to the overall degree 
of  IRI and provide a plethora of  signals to and from both the donor and the recipient’s immune systems 
that ultimately result in immune cell recruitment and activation to the site of  injury. Therefore, defining 
the qualitative and quantitative immune events of  IRI in human OLT is critical to the development of  tar-
geted therapies as well as improvement of  overall OLT outcome. Here, we examined the evolution of  the 
immune response in OLT recipients in the context of  IRI, with the overall goal of  determining cytokine 
and chemokine profiles that could potentially be used to assess the immune status of  the OLT recipient 
and risk of  IRI. We have characterized the relationship between expression of  cytokines, chemokines, and 
growth factors and clinical graft function to biopsy-proven IRI. We have shown that IRI+ patients display 
dysregulation in liver function represented by increased bilirubin and AST levels shortly after transplant. 

Figure 3. Recipient circulating cytokines, chemokines, and growth factors are altered before and after OLT. Of 38 cytokines, chemokines, and growth 
factors tested by Luminex Multiplex assay, 13 were significantly higher in IRI+ patients versus IRI– patients either preoperatively (PO) or at postoperative 
day 1 (D1), week 1 (W1), or month 1 (M1) time points. Data are presented as Tukey box-and-whisker plots: whiskers are inner fences reaching 1.5 times the 
interquartile range and boxes represent the interquartile ranges, dots indicate outlying values, and lines represent median values for each time point. n = 
53; 26 IRI– and 27 IRI+. *P < 0.05. The Wilcoxon rank-sum test was used for comparison between IRI+ and IRI– patient groups.
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IRI is also accompanied by distinct innate and adaptive immune cyto-
kine signatures before and after transplant. Additionally, we report a 
switch from innate to adaptive immune responses in IRI+ patients, 
with adaptive immunity-shaping cytokines being contributed by the 
donor allograft itself. Finally, we identify upregulation of  correspond-
ing cognate cytokine receptor transcripts in the donor organ, provid-
ing the required downstream mediators for the differentially circulat-
ing cytokine’s signaling pathways. Our data suggest that IRI promotes 
a chronic persistent inflammatory state that leads to further immune 
activation and tissue damage, rather than an acute but temporary 
state leading to resolution of  inflammation toward tissue healing and 
repair, as that seen in IRI– individuals.

The liver is a prominent cytokine target due to its key role in the 
acute phase response (11). Cytokines can lead to rapid and profound 
reductions in bile flow because the expression and function of  key 
hepatobiliary transporters are suppressed in response to inflammatory 
signaling. Therefore, we sought to characterize cytokines that clus-
tered together at specific time points before, during, and after OLT 
in either the recipient’s circulating oxygen-rich arterial blood or nutri-
ent-rich portal blood, before and after coming into contact with the 
donor allograft, and relate that to IRI status. Our main goal was to 
identify cytokines that are important in driving IRI as well as deter-
mining from where and when they are derived.

Notably, our study shows that IRI+ patients have a distinct cytokine signature compared with IRI– patients 
already at the time of transplant surgery (PO), suggesting a specific immune phenotype that might predispose 
an OLT recipient to IRI. This signature comprises elevated levels of TNF-α, IL-5, IL-13, IL-2, CXCL8, IL-7, 
IL-1Ra, and EGF. Any individual cytokine or combination of these cytokines might be related to the underlying 
disease for which patients are necessitating OLT, including viral hepatitis or hepatocellular injury due to nonal-
coholic steatohepatitis. However, we did not see any relationship between any specific etiology and these cyto-
kines’ expression within our patient cohort. Alternatively, these cytokines could potentially be related to patient 
prior immune history, such as prior infections, allergies, autoimmunity, cancers, and/or other sterile inflamma-
tory events, which may be unaccounted for in their records and therefore unable to be assessed. Regardless of  
their origin, the increased expression of these cytokines in the circulating systemic blood of the OLT recipient 
is positively associated with IRI risk. No association was found between increased expression of cytokines and 
severity of IR damage or donor factors, including extended cold ischemia times, steatosis or donation after circu-
latory death status, or first year after transplant complications requiring a “for-cause” biopsy, which may be due 
to the limited number of data points for these variables in our cohort (Tables 2 and 3).

TNF-α is a key mediator in many experimental liver injury models (20, 21) and can exert differential 
functions through either of its cognate receptors, TNF-R1 and TNF-R2, which we found expressed in donor 
organs by RNA sequencing (RNAseq). TNF-α can downregulate platelet endothelial cell adhesion molecule 1 
(PECAM-1), which may represent an important event in the sinusoidal transmigration of inflammatory cells 
later on (22, 23). TNF-α has also been shown to induce expression of CXCL8, one of the most potent chemoat-
tractants and activators of neutrophils (24). Accordingly, CXCL8 was higher in blood samples from transplant 
IRI+ recipients prior to the operation, and it remained significantly increased at all intraoperative time points 

Figure 4. Recipient portal cytokines, chemokines, and growth factors cluster 
by donor contribution and then by IRI status. Thirty-eight cytokines, chemo-
kines, and growth factors were measured by Luminex multiplex assay in 
portal blood of OLT recipients before (PV) or after (LF) it was flushed through 
the donor liver during reperfusion. Shown is a heatmap in which the rows 
represent cytokines, the columns represent IRI status at each time point, and 
the colors represent normalized median cytokine concentration values (white 
= low, red = high). The rows and columns are ordered based on the results of 
unsupervised hierarchical clustering, with dendrograms for the cytokines and 
patient groups shown on the vertical and horizontal axes, respectively.
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tested (PO and LF). Previous studies have indicated that prolonged cold isch-
emia time (>12 hours) leads to high CXCL8 plasma levels (25); however, our 
data indicate that IRI+ recipients have increased expression of this cytokine pri-
or to the operation. In addition, IL-13, IL-2, and IL-1Ra were found increased 
PO and persisted across most time points tested in IRI+ recipients, implicating 
an involvement of adaptive immunity in the IRI process. The release of EGF 
is commonly reported as part of the injury-induced innate immune response, 
which can stimulate cellular growth, proliferation, and differentiation by bind-
ing to its receptor EGFR. Although we did not detect EGFR in biopsies of  
allograft tissue, aberrant EGF signaling through alternative pathways has been 
described, particularly in the context of cancer (26); therefore, it is possible that 
patient status prior to transplant could contribute to the actual function of this 
cytokine and its potential promotion of IRI.

At several time points after transplant, a rise in the levels of  the cytokines 
IL-4, IL-13, and IL-17A as well as the lymphocyte growth factors IL-2 and 
IL-7 were observed in IRI+ patients, supporting our interpretation of  a switch 
from an innate to an adaptive immune signature over time. Interestingly, IRI+ 
patients exhibited increased circulating IL-1a levels at W1 after transplant 
that were not accompanied by a significant increase in IL-1Ra, suggesting 
a resurgence of  an acute inflammatory response. These findings suggest that 
a persistent chronic inflammatory response occurs, wherein both innate and 
adaptive immune responses continue to reactivate each other.

Importantly, we found expression of  genes encoding most of  the poten-
tial cognate receptors for the upregulated systemic cytokines, indicating that 
signaling could be initiated when recipient blood meets donor tissue. Excep-
tions to this were IL-3, IL-5, IL-7, and IL-12, which were increased at one or 
more time points in IRI+ patients but had no detectable receptor transcripts 
in biopsy tissues, indicating that the liver might not be a target organ for 
these cytokines. However, these cytokines might affect the immune system 
of  the recipient, as their cognate receptors can be expressed on circulating 

immune cells. We did not observe significant changes in the level of  cytokine, chemokine, and/or growth 
factor gene expression within the transcriptome data from IRI+ vs. IRI– biopsies, suggesting the donor liver 
released sequestered cytokines during IRI.

The liver is a prominent source of  cytokines (11), and, as such, the hepatic extracellular matrix is a 
repository of  cytokines, chemokines, and growth factors that can be released when required to be used 
by proximal cells, contributing to cellular programming (27, 28). In transplant, a unique situation occurs 
in which the cytokine profile of  the donor allograft combines with that of  the recipient, as cytokines pro-
duced in the donor allograft are likely to be flushed into the patient’s circulating blood during reperfusion. 
It has been shown that donor-derived cytokines contribute to hemodynamic instability during reperfusion 
(29), which could affect IRI severity. To determine the contribution of  the donor organ to cytokine release 
and patient IRI status, we directly compared blood samples obtained from the recipient’s portal blood 
before or after reperfusing the donor organ as well as characterizing cytokine profiles of  systemic blood 
samples obtained from recipients after transplant. CXCL8 and IL-3 increased in PV blood from IRI+ 
patients, similar to the systemic circulation. These two cytokines remained high in LF samples. However, 

Figure 5. Donor and recipient cytokine, chemokine, and growth factors contribute 
differentially to OLT-IRI during reperfusion. Of 38 cytokines, chemokines, and 
growth factors tested by Luminex Multiplex assay, 5 were significantly higher in 
IRI+ patients versus IRI– patients in patient portal vein blood either before (PV) 
or after (LF) it was flushed through the donor liver during reperfusion. Data are 
presented as Tukey box-and-whisker plots: whiskers are inner fences reaching 1.5 
times the interquartile range and boxes represent the interquartile ranges, dots 
indicate outlying values, and lines represent median values for each time point. 
n = 53; 26 IRI– and 27 IRI+. *P < 0.05. The Wilcoxon rank-sum test was used for 
comparison between IRI+ and IRI– patient groups.
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LF from IRI+ patients showed significant increases in IL-2, IL-12p70, and IL-1Ra that were not seen in 
PV. These results suggest that cytokines with a strong potential to shape the adaptive immune response 
(IL-2 and IL-12p70) come initially from the injured donor tissue. Additionally, high levels of  IL-1Ra 
could contribute to the switch from innate to adaptive responses in IRI+ patients by dampening the innate 
component. In addition to secreted soluble IL-1Ra, there are two intracellular isoforms that comprise a 
reservoir of  IL-1Ra that is only released upon cellular death, theoretically serving to limit the proinflam-
matory action of  tissue damage (30). Importantly, we confirmed the expression of  IL-1Ra and CXCL8 in 
donor biopsies by RNAseq.

Cytokines are pleiotropic and, as such, can exhibit redundant and/or opposing functions (31, 32). How-
ever, functional characterizations have typically resulted from animal studies in which a single cytokine is 
genetically or conditionally deleted, which may or may not represent what is occurring in human patients. 
Nevertheless, we found many cytokines related to IRI in human OLT at each of  the time points tested, and 
studies conducted in various animal models have been instrumental in characterizing their key functional 
role(s) in mediating various aspects of  IRI (33). For example, we found higher levels of  TNF-α in IRI+ OLT 
recipients prior to surgery, and it has been shown that TNF-α is the central component of  the proinflamma-
tory cytokine cascade in liver IRI as well as a crucial effector of  remote organ damage following IRI in a rat 
model (34). In a mouse model of  IRI, it was further shown that TNF-α leads to the upregulation of  ICAM-1, 
VCAM-1, and P-selectin, key adhesion molecules that are involved in the extravasation of  inflammatory cells 
into the liver (35). Along these lines, animal models have pointed to the key involvement of  several chemo-
kines, such as CCL2, CXCL2, and CXCL10, in directing and regulating the accumulation of  neutrophils, 
monocytes/macrophages, and T cells to the liver after IRI (33), and here, we report the increased expression 
of  these and other chemokines as well as the specific time point that they become most important in human 
OLT-IRI. However, IFN-γ, IL-1β, IL-6, and IL-10 have also been shown to be important regulators of  IRI in 

Figure 6. Transcripts of genes encoding cognate receptors for 10 of the 14 IRI-related cytokines are expressed in donor biopsies. Gene expression 
(transcripts per million; log2 TPM) in biopsies before and after reperfusion of IRI+ and IRI– OLT recipients by RNAseq. Data are presented as Tukey 
box-and-whisker plots: whiskers are inner fences reaching 1.5 times the interquartile range and boxes represent the interquartile ranges, dots indicate 
outlying values, and lines represent median values for each time point. n = 10; 6 IRI– and 4 IRI+.
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multiple studies using mouse and rat models, their exact roles are still debated (36–43), and we did not see 
any statistical difference in median values for these cytokines in our cohort of  IRI+ and IRI– OLT patients. 
Therefore, although it is useful to categorize these individual soluble mediators of  IRI on an individual basis 
by the location or functional involvement determined in highly controlled animal studies, future studies will 
be necessary to determine the significance of  specific cytokine groups working either in concert or in a par-
ticular dynamic pattern. Toward this end, we have identified cytokine phenotypes in OLT patients based on a 
broader, less biased (albeit more complex) systems biology approach.

Features specific to human OLT-IRI are not well defined; thereby, classifications of  patients as IRI– or 
IRI+ potentially conflict between different centers. Many studies use the Suzuki scoring system (12), or a cen-
ter-specific modification, to evaluate biopsy samples taken just after the reperfusion event to determine extent 
of  liver damage and/or one or more clinical tests to determine liver function following OLT. The Suzuki 
grading of  hepatocellular injury was developed using a rat model of  OLT-IRI (12) and evaluates the degree of  
sinusoidal congestion, hepatocyte necrosis, and vacuolization, with recommendation to include neutrophil-
ic infiltration in the evaluation. However, this method does not consider additional features that have been 
reported in IRI+ humans, such as hepatocyte ballooning degeneration and cholestasis, and does not describe 
type of  vacuolization, whether microvesicular or macrovesicular. In addition, no data are available on the 
correlation of  the Suzuki score and clinical liver function tests. Based on our evaluation, we recommend 
a standardized scoring system that grades severity of  IRI based on neutrophilic infiltration and hepatocyte 
necrosis but which also grades 4 other histopathological features commonly present in biopsies of  human 
OLT recipients after reperfusion. The reperfusion of  an organ that has been ischemic for long periods of  time 
can result in sinusoidal congestion, mitochondrial swelling, disruption of  liver sinusoidal endothelial cells, 
and the collapse of  the space of  Disse, resulting in impaired bile secretion and severe cholestasis. Cholestasis 
then leads to intrahepatic accumulation of  bile acids and other toxic compounds, with progression of  liver 
pathology. Its presence at such an early time point (2 hours after reperfusion), although it is likely not conse-
quent to IRI, indicates poor donor organ quality and might predispose patients to more severe IRI as time pro-
gresses. Hepatocyte ballooning is a form of apoptosis and, together with cholestasis, represents microcircula-
tory disturbances. Finally, evaluating steatosis is becoming more important as nonalcoholic fatty liver disease 
and nonalcoholic steatohepatitis continue to increase in prevalence. Although some aspects of  IRI are not 
expected to fully develop within 2 hours of  reperfusion, such as cholestasis, a large-scale retrospective study 
analyzing patients undergoing liver transplantation over a 10-year period at a single center recently described 
the positive predictive value of  the intraoperative biopsies as an independent determinant of  graft loss (44). In 
evaluating the outcomes of  our patient cohort within the first year following transplant (Table 3), we found 
that OLT recipients designated as IRI+ based on our scoring system were more likely to suffer complications 
requiring multiple “for-cause” biopsies; presented with more severe complications, such as ACR or AMR; 
and showed signs of  more than one complication at each biopsy.

Here, we describe the results of  4 clinical liver function tests and their relevance to biopsy-proven 
IRI using the standard classification at our center. First, although severe cholestasis was not apparent on 
biopsies 2 hours after reperfusion, total bilirubin was significantly higher in IRI+ patients compared with 

Table 3. OLT patient outcomes in the first year after transplant

IRI– IRI+
Patients with complications requiring for-cause biopsy within the first year following transplant (n [%]) 9 (33) 6 (23)
Biopsy showed signs of moderate to severe IRI 2 (22) 3 (50)
HCV recurrence at biopsy 6 (67) 1 (17)
NASH at biopsy 0 (0) 2 (33)
ACR (or suspicious) at biopsy 0 (0) 2 (33)
AMR (or suspicious) at biopsy 1 (11) 3 (50)
>1 for-cause biopsy 1 (11) 3 (50)
>1 complication at biopsy 0 (0) 4 (67)
+ for >1 additional histopathological featureA 1 (11) 3 (50)

 ACongestion, ballooning, steatosis, and/or cholestasis. ACR, acute cellular rejection; AMR, antibody-mediated rejection; NASH, nonalcoholic 
steatohepatitis; + for >1, positive for greater than 1.
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IRI– patients early after transplant; therefore, the 
detection of  even a limited amount of  cholesta-
sis on an early biopsy is important for identifying 
at-risk patients. AST and ALT levels were high 
in both groups immediately after transplant and 
then dropped quickly in the following days. This is 
expected, as both enzymes are markers of  cytolysis 
and this early transplant-related rise in liver enzymes 
is likely to cover subtler differences between IRI+ 
and IRI– patients. In line with this notion, we could 
pick up differences between the two patients groups 
only on days 5 and 6 after transplant, after this 
early rise had subsided. Finally, INR did not differ 
between IRI+ and IRI– patients, suggesting that liv-
er biosynthetic function is not affected during the 
IRI process. Our data show that, in OLT patients, 
necrosis and inflammation, along with one or more 
of  these additional features, correlated significant-
ly with elevated AST levels in the first week after 

transplant, suggesting that these features might aggravate the IRI status of  the patient. Additionally, a 
greater number of  IRI+ patients who developed complications that required a “for-cause” biopsy within 
the first year after transplant had more than one of  the additional histopathological features compared with 
IRI– patients that required a “for-cause” biopsy (50% IRI+ vs. 11% IRI–).

Overall, our data suggest that IRI might result from a deleterious combination of  an IRI–prone 
donor-specific immune state coupled with an IRI–prone recipient-specific immune state. We envision the 
selected panel of  innate and adaptive immune cytokines, chemokines, and growth factors identified in this 
study will serve as noninvasive predictors of  IRI. Testing of  the panel before transplant predicts recipient/
donor pairs at risk of  IRI and can be used to improve the accuracy of  donor selection and to guide applica-
tion of  targeted therapy to dampen recipient elevated cytokines and/or their cognate receptors in the donor 

Figure 7. Histopathological features of liver IRI in 
human OLT. (A) Representative histology of IRI+ liver 
allograft biopsies after reperfusion illustrating the 
range of IRI seen on histology. IRI+ patients demon-
strate marked inflammation (red arrowheads) and/or 
necrosis (black arrowheads) along with one or more of 
the following: sinusoidal congestion (purple arrowheads), 
hepatocellular ballooning degeneration (orange arrow-
heads), macrovesicular steatosis (blue arrowheads), and/
or cholestasis (green arrowheads). Scale bars: 50 μm. 
(B) Percentage of total IRI– or IRI+ patients that scored 
positive for 0 to 4 of the histopathological features of 
congestion, ballooning, steatosis, and/or cholestasis. 
NS, none scored for that data point. (C) Percentage of 
total IRI– or IRI+ patients either negative or positive for 
indicated histopathological features. (D) AST values for 
IRI– or IRI+ OLT recipients that presented with either 0 
histopathological features or at least 1 (≥1) additional 
histopathological feature(s) evaluated (congestion, 
ballooning, steatosis, and/or cholestasis). Data are 
presented as Tukey box-and-whisker plots: whiskers are 
inner fences reaching 1.5 times the interquartile range 
and boxes represent the interquartile ranges, dots indi-
cate outlying values, and lines represent median values 
for each time point. n = 53; 26 IRI– and 27 IRI+. *P < 0.05, 
**P < 0.01. Statistical significance was determined using 
1-way ANOVA with post-hoc Bonferroni for multiple com-
parisons and Bartlett’s test for equal variances.
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liver. Furthermore, monitoring of  these biomarkers early after transplant can be employed for patient man-
agement and assessing efficacy of  therapy. Therefore, judicious decision-making regarding donor-recipient 
matching according to their particular predisposition to IRI might be a beneficial preventative strategy 
toward limiting IRI and thereby improving allograft outcome. OLT-IRI represents an intriguing conver-
gence of  the innate and adaptive immune responses from recipient and donor immune systems. Neverthe-
less, IRI develops when partial or complete obstructions of  blood vessels occur with subsequent restoration 
of  flow and is the most frequent pathology in the human body, when one includes myocardial ischemia, 
stroke, traumatic or hemorrhagic injury, and surgery, in addition to transplantation. Therefore, the immune 
phenotypes and pathways we identify in OLT-IRI are likely to be broadly applicable to IRI in all solid organ 
transplantation as well as in other IRI-related disease such as stroke and myocardial infarction.

Methods
Study design and sample collection. Adult primary OLT recipients were recruited between May 10, 2013, and 
April 6, 2015 (Table 2). Routine standard of  care and immunosuppressive therapy was administered, as 
specified by UCLA liver transplant protocols. Study data were collected and managed using REDCap elec-
tronic data capture tools hosted at UCLA (45). AST, ALT, bilirubin, and INR analyses were performed as 
part of  the standard of  care. Donor organs were procured from both donation after brain death and dona-
tion after circulatory death donors with standardized techniques. Organs were perfused with and stored in 
cold University of  Wisconsin solution (ViaSpan; Bristol-Meyers Squibb Pharma). Cold ischemia time was 
defined as the time from the perfusion of  the donor with preservation solution to the removal of  the liver 
from cold storage. Recipient venous blood was collected with acid-citrate-dextrose anticoagulant during 
two main phases relative to the transplant: PO and postoperative at D1, W1, and M1. Intraoperative portal 
blood was collected from the recipient PV prior to reperfusion (PV) and as it was first flushed through the 
vena cava of  the donor liver during reperfusion (LF). Protocol Tru-Cut needle biopsies were taken from the 
left lobe intraoperatively after complete revascularization of  the allograft (2 hours after reperfusion) prior 
to surgical closing of  the abdomen. Extra care was taken to not sample the subcapsular region, as it is not 
representative of  parenchymal liver tissue organization and can be affected by handling of  the liver (46).

Liver histopathological IRI scoring. After reperfusion, biopsy samples were formalin fixed, paraffin embed-
ded, and stained with H&E, following a standardized protocol by the Translational Pathology Core Labora-
tory at UCLA. These were reviewed by a single transplant hepatopathologist and graded semiquantitatively 
for IRI. Two main pathologic findings were combined to make a global assessment of  the severity of  IRI: 
neutrophilic inflammation and hepatocyte necrosis (Table 1). Degree of  neutrophilic infiltration was based on 
the presence of  infiltrates as clusters within sinusoids. The degree to which hepatocytes are necrotic was based 
on the presence of  necrotic hepatocytes as single cells or as clusters. Scores of  0–1 represent no to minimal IRI 
(IRI–), and scores of  2–4 represent mild to severe IRI (IRI+). Additionally, we evaluated 4 histopathological 
features that were commonly found among biopsies of  IRI+ patients. We based degree of  sinusoidal conges-
tion on presence by zone and number of  lobules. Hepatocellular ballooning was defined as rare to prominent 
clusters of  ballooning cells in one or more lobules. Macrovesicular steatosis was defined as large lipid droplets 
occupying over 50% of a cell and accompanied by indentation of  the nucleus. Cytoplasmic vacuolization 
consisting of  mostly small vacuoles with no nuclear displacement was not considered, because hepatocytes 
with only microvesicular steatosis are more likely to recover rather than complete the apoptosis process (47). 
Finally, we evaluated severity of  canalicular or hepatocellular cholestasis based on presence in zone 3 of  one 
or more lobules, with presence in zone 1 of  any lobule being highest in severity. Images of  H&E-stained slides 
were acquired on a Nikon 90i microscope with NIS Elements software version 3.0 (Nikon).

Cytokine/chemokine Luminex assay. Plasma samples were prepared by centrifugation at 500 g for 12 
minutes and stored at –80°C. Human 38-plex magnetic cytokine/chemokine kits (EMD Millipore, HCYT-
MAG-60K-PX38) were used per the manufacturer’s instructions. Complete panel screened for the expres-
sion of  the following: antiinflammatory cytokines: IL-1Ra and IL-10; general proinflammatory cytokines: 
IL-1α, IL-1β, IL-6, IFN-α2, TNF/TNF-α, TNF-β/lymphotoxin α (LT-α); lymphocyte-associated cytokine: 
soluble CD40 ligand (sCD40L); Th1/Th17-associated cytokine: IL-12p40; Th1-associated cytokines: 
IFN-γ and IL-12/IL-12p70; Th2-associated cytokines: IL-4, IL-5, and IL-13; Th9-associated cytokine: 
IL-9; Th17-associated cytokine: IL-17A; neutrophil-associated chemokines: GRO/CXCL1 and IL-8/
CXCL8; eosinophil-associated chemokines: eotaxin/CCL11 and macrophage-derived chemokine (MDC/
CCL22); T cell/monocyte–associated chemokines: fractalkine/CX3CL1, IFN-γ–inducible protein-10 (IP-
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10/CXCL10), monocyte chemoattractant protein-1 (MCP-1/CCL2), and monocyte chemoattractant pro-
tein-3 (MCP-3/CCL7); leukocyte-associated chemokines: macrophage inflammatory protein-1 α (MIP-1α/
CCL3) and macrophage inflammatory protein-1 β (MIP-1β/CCL4); lymphoid growth factors: IL-2, IL-7, 
and IL-15; myeloid growth factor: granulocyte-macrophage colony-stimulating factor (GM-CSF); hema-
topoietic progenitor growth factors: Fms-related tyrosine kinase 3 ligand (Flt-3L/CD135), granulocyte 
colony-stimulating factor (G-CSF), and IL-3; and other growth factors: EGF, FGF-2, TGF-α, and VEGF. 
Fluorescence was quantified using a Luminex 200 instrument. Cytokine/chemokine concentrations were 
calculated using Milliplex Analyst software version 4.2 (EMD Millipore). Luminex assay and analysis were 
performed by the UCLA Immune Assessment Core.

Hierarchical clustering analysis. Analyte abundances irrespective of  conditions were normalized using a 
robust variation of  Z-scaling that replaces the mean with the median and the SD with the median abso-
lute deviation. Then, medians of  scaled values for each group were color coded and plotted in heatmaps. 
Unsupervised hierarchical clustering was performed on rows and columns using Euclidean distance as the 
similarity measure with Ward’s linkage.

RNAseq analysis. RNAseq testing was performed by the UCLA Clinical Microarray Core. Total RNA was 
first enriched for mRNA with the NEB NEBNext Poly(A) mRNA Magnetic isolation kit. The mRNA sam-
ples were then put on a IntegenX Apollo 324 system for automated library preparation using the IntegenX 
PrepX RNA-Seq Library reagent kit for Illumina. Library products were next enriched through PCR, and 
multiplexing barcodes were also added. Sequencing was performed on Illumina HiSeq 2000 for a single read 
50 run. Data quality check was done on Illumina SAV. Demultiplexing was performed with Illumina CASA-
VA 1.8.2. Demultiplexed FASTQ files were checked with FASTQC. Reads were trimmed with Cutadapt to 
remove adapters and low-quality ends. Alignment to the hg38 human genome assembly was performed using 
STAR 2.5.1b (48). Unmapped reads, multi-mappers, and low-quality alignments were removed with Sam-
tools. Reads mapping gene exons were counted using featureCounts (49). Counts were imported in R version 
3.2.3 for analysis using the edgeR and ggplot2 packages (50). A negative binomial generalized log-linear mod-
el was fitted to the read counts for each gene. Statistical significance was determined using a likelihood ratio 
test, and P values were adjusted according to Benjamini-Hochberg (50). Transcript abundances are expressed 
as transcripts per million (51), log2 scale. Data have been deposited in NCBI’s Gene Expression Omnibus 
(GEO) and are accessible through GEO series accession number GSE87487.

Statistics. Wilcoxon nonparametric rank-sum test was used for comparisons between IRI+ and IRI– 
patient groups. For correlation between demographic data and IRI outcome, 2-tailed t test was used for 
continuous variables and Fisher’s exact test was used for categorical variables. A P value less than 0.05 was 
considered significant.

Study approval. All studies described were reviewed and approved by the UCLA IRB (13-000143). 
Patients provided informed consent prior to their participation in the study.
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