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 Background: The preservation of harvested organs plays an essential role in transplantation. Cold hypothermia is frequently 
applied but may lead to graft compromise resulting from reperfusion and rewarming injury. This study investi-
gates the effect of deep hypothermia and posterior rewarming on leukocyte-endothelial interactions and junc-
tional adhesion molecules.

 Material/Methods: We established an in vitro model to investigate the transendothelial migration of leukocytes (TEM) during deep 
hypothermia (4°C) as well as during the post-hypothermic rewarming process. Additionally, leukocyte-endo-
thelial interactions were analyzed by quantifying surface expression of the junctional adhesion molecules A 
(JAMA-A and JAM-B).

 Results: While deep hypothermia at 4°C was associated with reduced leukocyte infiltration, rewarming after hypother-
mic preservation resulted in a significant increase in TEM. This process is mainly triggered by activation of en-
dothelial cells. Post-hypothermic rewarming caused a significant downregulation of JAM-A, whereas JAM-B was 
not altered through temperature modulation.

 Conclusions: Hypothermia exerts a protective effect consisting of reduced leukocyte-endothelial interaction. Rewarming after 
hypothermic preservation, however, causes considerable upregulation of leukocyte infiltration. Downregulation 
of JAM-A may play a role in modulating TEM during hypothermia and rewarming. We conclude that the rewarm-
ing process is an essential but underestimated aspect during transplantation.
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 Abbreviations: TEM – transendothelial migration of leukocytes; JAM-A – junctional adhesion molecules A; JAM-B – junc-
tional adhesion molecules A; PBL – peripheral blood leukocytes; PBMC – peripheral blood mononuclear 
cells; PMNC – polymorph nuclear cells; HuMEC-1 – human microvascular endothelial cells; Tmx – transmi-
gration index; FI – fluorescence intensity; PECAM-1 – platelet endothelial cell adhesion molecule 1; 
ICAM-1 – intercellular adhesion molecule 1
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Background

Optimal graft preservation and preconditioning are mandatory 
to ensure proper function of transplanted organs. The protec-
tive effects resulting from hypothermia reducing cell metab-
olism are well established and have long been used, either 
in the form of static cold storage (deep hypothermia; 0°C to 
5°C) or as part of more recent techniques such as hypother-
mic machine perfusion [1], to keep organs from deteriorating.

But reducing the temperature of harvested organs may also 
cause unwanted effects. Prolonged cold preservation may re-
sult in increased vascular damage [2] and augment reperfu-
sion injury. Recent evidence moreover suggests that injury 
may result not only from reperfusion but also from rewarm-
ing [3]. Rewarming was found to trigger mitochondrial dysfunc-
tion [4] and can induce mitochondrial apoptotic pathways [5], 
thus compromising graft recovery. The speed of rewarming 
was reported to play an essential role in that gradual rewarm-
ing turned out to diminish the severity of the rewarming in-
jury [6] and controlled rewarming exerted a preconditioning 
effect on grafts [7].

Beyond this, rewarming was shown to be associated with the 
induction of pro-inflammatory processes such as enhanced 
leukocyte infiltration [8,9], which may also impair graft func-
tion [10]. The interactions between leukocytes and the endo-
thelium are strongly associated with the development of acute 
cellular rejection [11,12], which is important because attenuat-
ing early graft rejection helps preventing late graft loss and/or 
dysfunction [13,14]. Junctional adhesion molecules (JAM) are 
cell-cell adhesion molecules responsible, among other func-
tions, for the endothelial barrier and permeability, and are cru-
cial for transendothelial migration.

The present study was designed to examine the effects of 
deep hypothermia (4°C) and rewarming on the transendothe-
lial migration of leukocytes (TEM) and the endothelial expres-
sion of JAM-A and JAM-B.

Material and Methods

Our study was reviewed and approved by the Ethics Committee 
of the University Hospital, JW Goethe University of Frankfurt, 
Germany (GN.: 227/13).

Peripheral blood leukocytes (PBL)

Blood obtained from healthy volunteers (n=5) was subjected to 
density gradient centrifugation (Polymorphprep®; Axis-Shield) 
to isolate peripheral blood leukocytes (PBL), which comprised 
peripheral blood mononuclear cells (PBMC) and polymorph 

nuclear cells (PMNC). Isolated PBL contain 20.9±6.36% 
CD177+ granulocytes, 5.7±3.8% CD19+ B-cells, 1.33±0.68% 
CD3+ T-cells, 1.36±0.34% CD14+ monocytes and 37.44±0.69% 
CD14+/CD16+ monocytes, analyzed by FACS and calculated as 
percentage±standard error of the mean (SEM) in respect to 
total cell count as previously described [15]. The remaining 
percentage fractions represent cells which are not positive-
ly labeled for the aforementioned surface markers. The PBL 
thus obtained were stored in RPMI 1640 (Life Technologies) 
at a temperature of 37°C. One part of the isolated PBL was 
activated by exposing them to 10 µg/mL lipopolysaccharide 
(LPS; Sigma-Aldrich) at RPMI 1640 with 10% fetal bovine se-
rum (Gibco) for 60 minutes, whereas the other part remains 
in a non-activated condition. LPS was removed after incuba-
tion by washing the cells with phosphate-buffered saline (PBS).

Endothelial cell culture

Human microvascular endothelial cells (HuMEC-1) are im-
mortalized cells and were provided by Dr. Mirakaj (University 
Tübingen, Department of Anesthesiology and Intensive Care 
Medicine). HuMEC-1 enables stable experimental conditions 
with less heterogeneity and retains typical endothelial phe-
notypical characteristics in morphology and functionality. 
HuMEC-1 expresses microvascular endothelial surface mark-
ers like ICAM-1 and CD36 and form endothelial monolayers like 
primary endothelial cells [16]. Primary human umbilical vein 
endothelial cells (HuVEC) express ICAM-1, a typical microvas-
cular endothelial marker, only in low-levels and only upon stim-
ulation with interleukin (IL)-1 or tumor necrosis factor (TNF)-a. 
In contrast, HuMEC-1 expresses ICAM-1 constantly on a high 
level without the need of prior stimulation which represents 
more the phenotypical condition of microvascular endothe-
lial cells and enables stable conditions for transmigration as-
says. Cells were processed as previously described [15]. Briefly, 
HuMEC-1 were cultured in MCDB-131 (Life Technologies) sup-
plemented with 10% fetal calf serum, 1% glutamine (Gibco), 
10 ng/mL Epidermal Growth Factor (Sigma Chemical), 1% pen-
icillin/streptomycin solution (Sigma Chemical), and 1 µg/mL 
hydrocortisone (Sigma Chemical) at 37°C and 5% CO2 atmo-
sphere. Following this, the HuMEC-1 were labeled with BrdU 
(Sigma-Aldrich), placed on fibronectin-coated 3 µm pore-
size inserts (FluoroBlok®, BD) and left overnight at 37°C and 
5% CO2 to form an endothelial monolayer. As previously de-
scribed [15], a subset of HuMEC-1 was activated by exposing 
them to 100 µg/mL LPS in MCDB-131 for 60 minutes. After the 
treatment, the medium was removed, and the transmigration 
assays were started.

Subsets of experiments

At the beginning of the experiments, PBL and HuMEC-1 were 
kept at a temperature of 37°C. Subsequently, temperature 
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modulations were implemented so as to yield 3 subsets of 
experiments in the course of which the cells were exposed 
to deep hypothermia at 4°C: 1) during transmigration, 2) dur-
ing cell activation (treatment) as well as transmigration, and 
3) during cell activation (treatment) only. In the latter case, 
deep hypothermia was followed by transmigration under nor-
mothermic conditions, thus simulating a clinical post-hypother-
mic rewarming process.

Further subgroups were created by implementing the tem-
perature variations described in 1) non-activated PBL trans-
migrating non-activated HuMEC-1 [control], 2) activated PBL 
transmigrating non-activated HuMEC-1, 3) non-activated PBL 
transmigrating activated HuMEC-1, and 4) activated PBL trans-
migrating activated HuMEC-1.

Transendothelial migration

The PBL were stained with Calcein-AM (ABD-Bioquest), resus-
pended, deposed on top of the HuMEC-1 monolayer and al-
lowed to transmigrate through the HuMEC-1 for 120 minutes 
under normothermic or deep hypothermic conditions (37°C or 
4°C) as previously described [15]. The Calcein emission of the 
transmigrated PBL was measured using a Fluorometer (Berthold 
Technologies) at 485/535 nm, and the share of transmigrated 
cells was expressed as a ratio compared to the control (transmi-
gration index, tmx). Each transmigration assay was performed 
in duplicates (PBL from 3 individual volunteers) or triplicates 
(PBL from 2 individual volunteers).

JAM-A and JAM-B surface expression during rewarming

BrdU-labeled HuMEC-1 were placed on fibronectin-coated 
96-well plates and left overnight at 37°C and 5% CO2 to form 
an endothelial monolayer. HuMEC-1 and PBL were activated 
with LPS as previously described at 4°C. PBL and HuMEC-1 were 
co-cultured at 37°C for 120 minutes to simulate a rewarm-
ing process [9]. After removal of the PBL and washing of the 
HuMEC-1, the endothelial monolayer was fixed with 4% para-
formaldehyde (AppliChem), followed by blocking with PBS sup-
plemented with 10% donkey serum (Jackson ImmunoResearch).

Rabbit anti-JAM-A-IgG (1: 200; Santa Cruz Biotechnology) and 
goat anti-JAM-B-IgG (1: 100; Santa Cruz Biotechnology), don-
key anti-rabbit-IgG-PE (1: 100; Santa Cruz Biotechnology) and 
donkey anti-goat-IgG-FITC (1: 100; Santa Cruz Biotechnology) 
in PBS containing 1% donkey serum were used for prima-
ry and secondary staining of the HuMEC-1, as previously de-
scribed [9]. JAM surface protein expression was measured us-
ing a microplate reader at 485/535 nm and 530/590 nm, and 
the fluorescence intensity (FI) was calculated as a ratio to con-
trol. Each expression assay was performed in duplicates (PBL 
from 3 individual volunteers). To reduce cross-contamination 

of leukocytes, analysis was performed in a separate experi-
ment independently from the transmigration assay.

Statistical analysis

The mean of the control group was calculated and set to 1. 
Transmigration index (tmx) and fluorescence intensity (FI) 
were calculated as a ratio compared to control. To illustrate 
the variations of the control groups, all values of the con-
trol groups were divided through the calculated mean of the 
control group. Data are indicated as mean±standard error of 
the mean (SEM) and were analyzed using Prism 6 software 
(Graph Pad). Group differences were determined using ANOVA 
and post-hoc Tukey’s multiple comparison test. Differences of 
P<0.05 were considered statistically significant.

Results

Transmigration assays

Hypothermic transmigration

In the first subset of experiments, hypothermia (4°C) was ap-
plied during transmigration (Figure 1A–1C). Deep hypothermia 
applied during the transmigration of activated PBL through non-
activated HuMEC-1 (37°C n=11 or 4°C n=12) caused no signifi-
cant change in TEM. Temperature modulation during the trans-
migration of non-activated PBL through activated HuMEC-1 
(37°C n=11 or 4°C n=12), in contrast, resulted in a significantly 
decreased TEM (P£0.0001) at 4°C. A significant downregulation 
of TEM (P=0.0088) also occurred when activated PBL were al-
lowed to transmigrate through activated HuMEC-1 (37°C n=12 
or 4°C n=11) under hypothermic conditions.

Hypothermic activation and transmigration

In the second subset of experiments, deep hypothermia was ap-
plied during both activation and transmigration (Figure 1D–1F). 
This yielded no significant change in the TEM of activated PBL 
through non-activated HuMEC-1 (37°C n=11 or 4°C n=12), but 
caused a significant downregulation of the TEM of non-activat-
ed PBL through activated HuMEC-1 (37°C n=11 or 4°C n=10) 
(P=0.0001) and of activated PBL through activated HuMEC-1 
(37°C n=12 or 4°C n=11) (P£0.0001).

Post-hypothermic rewarming

The third subset of experiments simulated a post-hypothermic 
rewarming process (Figure 1G–1I). Transmigration of activated 
PBL through non-activated HuMEC-1 was significantly increased 
(P=0.0309) after post-hypothermic rewarming (37°C n=11 or 4°C 
n=11). Furthermore, rewarming caused a significant increase 
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in the TEM (P=0.0118) of non-activated PBL through activat-
ed HuMEC-1 (37°C n=11 or 4°C n=12) and a significant upreg-
ulation also of the TEM (P=0.0020) of activated PBL through 
activated HuMEC-1 (37°C n=12 or 4°C n=11).

JAM-A and JAM-B expression and post-hypothermic 
rewarming

To further elucidate the significant increase in TEM during 
post-hypothermic rewarming, the expression of endothelial 
JAM-A and JAM-B was analyzed. During the post-hypother-
mic rewarming process, we observed an inverse correlation 
between the endothelial JAM-A expression and the results of 

the transmigration assays. Endothelial JAM-A expression was 
significantly reduced (P=0.0367) when activated PBL were co-
cultured with activated HuMEC-1 (37°C n=8 or 4°C n=6). No 
significant differences in endothelial JAM-A expression were 
found, in contrast, when activated PBL were co-cultured with 
non-activated HuMEC-1 (37°C n=7 or 4°C n=6) and when non-
activated PBL were co-cultured with activated HuMEC-1 (37°C 
n=8 or 4°C n=6).

JAM-B expression did not significantly change during post-
hypothermic rewarming in activated PBL co-cultured with non-
activated HuMEC-1 (37°C n=8 or 4°C n=6), non-activated PBL 
co-cultured with activated HuMEC-1 (37°C n=8 or 4°C n=6), 
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Figure 1.  Influence of hypothermia and rewarming on transendothelial migration. (A–C) TEM of activated PBL through non-activated 
HuMEC-1 is not significantly modified (37°C n=11 or 4°C n=12), whereas TEM of non-activated PBL through activated 
HuMEC-1 is significantly influenced with falling temperatures (37°C n=11 or 4°C n=12). Transmigration of activated PBL 
through activated HuMEC-1 is significantly reduced with falling temperatures (37°C n=12 or 4°C n=11). (D–F) TEM of 
activated PBL through non-activated HuMEC-1 is not significantly modified (37°C n=11 or 4°C n=12) but TEM of non-
activated PBL through activated HuMEC-1 is significantly reduced during hypothermia (37°C n=11 or 4°C n=10). Furthermore, 
TEM of activated PBL through activated HuMEC-1 is significantly downregulated with falling temperatures (37°C n=12 or 4°C 
n=11). (G–I) Transmigration of activated PBL through non-activated HuMEC-1 is not significantly modified (37°C n=11 or 4°C 
n=11), whereas TEM of non-activated PBL through activated HuMEC-1 is significantly enhanced after rewarming (37°C n=11 
or 4°C n=12). Rewarming causes a significant enhanced TEM of activated PBL through activated HuMEC-1 (37°C n=12 or 4°C 
n=11). # P<0.05 versus control, * P<0.05. TEM – transendothelial migration of leukocytes; PBL, peripheral blood leukocytes; 
HuMEC-1; human microvascular endothelial cells.

Bogert N.V. et al.: 
Effect of rewarming on leukocyte-endothelial interaction…

© Ann Transplant, 2020; 25: e919540
ORIGINAL PAPER

Indexed in: [Science Citation Index Expanded] [Index Medicus/MEDLINE] 
[Chemical Abstracts] [Scopus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) e919540-4



and activated PBL co-cultured with activated HuMEC-1 (37°C 
n=8 or 4°C n=6). Figure 2 shows the results of these experi-
ments and illustrates JAM-A and JAM-B expression as fluores-
cence intensity (FI).

Discussion

We investigated the effects of deep hypothermia and post-
hypothermic rewarming on leukocyte transmigration and en-
dothelial integrity because graft dysfunction is associated with 
early infiltration of immunocompetent cells into the graft. This 
was described by El-Sawy et al. [17], who found that inhibi-
tion of early polymorphnuclear cell infiltration into grafts pre-
vents cell mediated rejection.

The results of our study are in keeping with the findings of 
Kalia et al. [18], who observed reduced leukocyte-endothelial 
adhesion resulting from hypothermia in a rat model of isch-
emia-reperfusion injury. Our study shows that short-term ap-
plication of hypothermia significantly reduces leukocyte in-
filtration. Long-term cold storage of grafts, in contrast, was 
shown to result in vascular injury with reduced expression 
von PECAM-1 [2], so that it may be assumed that the protec-
tive effect of hypothermia is time-dependent.

Beyond this, it is essential to keep in mind that hypothermia 
is followed by post-hypothermic rewarming. An ever-increas-
ing number of studies in fact suggest that while ischemia-
reperfusion injury has long been recognized as a pivotal fac-
tor influencing graft function, rewarming injury may also play 
an important role. Awad et al. [8] showed that post-hypother-
mic rewarming following short-term hypothermia results in 
upregulation of pro-inflammatory pathways and suggested 
that rewarming could be associated with enhanced leukocyte-
infiltration resulting from upregulation of ICAM-1. Other stud-
ies observed similar effects consisting of an increase in leuko-
cyte infiltration after transplantation following prolonged cold 
storage and described concomitant destruction of the endo-
thelial integrity [2]. This is not only in keeping with the results 
of a previous study of our group, which showed a similar ef-
fect during rewarming out of mild and moderate hypother-
mia [9], but also with the results of our current study, showing 
modulation of the endothelial barrier after deep hypothermia.

Deep hypothermia, as defined for the purposes of the present 
study, in fact corresponds to the very temperatures occurring 
in cold organ ischemia before transplantation. In this respect, 
the significant upregulation of leukocyte infiltration we ob-
served during post-hypothermic rewarming as well as the ob-
servation that the rewarming process significantly modulates 
leukocyte-endothelial interaction represent interesting findings 
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Figure 2.  Influence of post-hypothermic rewarming on JAM-expression. JAM-A (A–C) and JAM-B (D–F) expression during rewarming. 
(A) JAM-A expression is not modulated in a co-culture of activated PBL with non-activated HuMEC-1 during rewarming 
(37°C n=8 or 4°C n=6). (B) JAM-A expression is not modulated in a co-culture of non-activated PBL with activated HuMEC-1 
during temperature modulation (37°C n=7 or 4°C n=6), but (C) JAM-A expression is significantly reduced in a co-culture of 
activated PBL with activated HuMEC-1 during post-hypothermic rewarming (37°C n=8 or 4°C n=6). (D) JAM-B expression 
is neither significantly modulated in a co-culture of activated PBL with non-activated HuMEC-1 (37°C n=8 or 4°C n=6) nor 
(E) in a co-culture of non-activated PBL with activated HuMEC-1 during rewarming (37°C n=8 or 4°C n=6). (F) Furthermore 
JAM-B expression is not significantly reduced in a co-culture of activated PBL and activated HuMEC-1 during post-
hypothermic rewarming (37°C n=8 or 4°C n=6). # P<0.05 versus control, * P<0.05. JAM – junctional adhesion molecules; 
HuMEC-1 – human microvascular endothelial cells; PBL – peripheral blood leukocytes.
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with a view to practical aspects of organ treatment and trans-
plantation. The used analysis of transmigrated leukocytes by 
fluorescence intensity leads to an indirect evaluation of trans-
migration which has the limitation that an absolute quantifi-
cation of transmigrated leukocytes is not possible. However, 
the method enables a faster experimental procedure with a 
higher throughput and without an observer bias.

When it comes to leukocyte-endothelial interaction, the JAMs 
play a pivotal role not only as adhesion-molecules [19], but also 
in the context of the regulation of tight junctions [20]. It has 
been shown that JAM-A enables leukocyte-endothelial inter-
action through binding to LFA1 [19] and JAM-B enables a leu-
kocyte-endothelial interaction though VLA4 [21]. Both targets 
are interesting factors in the regulation of leukocyte recruit-
ment and could be modulated in post-hypothermic rewarm-
ing. Previous studies show that the used endothelial cell line 
HuMEC-1 expresses JAMs under different experimental condi-
tions and that they are able to modulate TEM in vitro [22,23]. 
The analysis of the conducted in vitro experiments contains 
some limitations because JAM-expression was conducted in a 
separate experiment which limits the evaluation of their func-
tion in direct association to TEM. Nevertheless, in the present 
study, we observed a temperature-dependent modulation of 
JAM-A in that a significant downregulation of JAM-A occurred 
during post-hypothermic rewarming out of deep hypothermic 
conditions. This finding is of particular interest, as we dem-
onstrated, in a previous study, that downregulation of JAM-A 
correlates with an enhanced leukocyte-endothelial interac-
tion with increased TEM [9]. Considering that early leukocyte 

infiltration can result in higher rejection rates [17]; it may be 
concluded that a rewarming process resulting in augmented 
TEM and downregulation of JAM-A may be associated with a 
higher likelihood of subsequent graft dysfunction.

Conclusions

Our study showed that the application of deep hypothermia 
resulted in diminished leukocyte-endothelial interaction and 
reduced TEM. Beyond this, however, it revealed that post-
hypothermic rewarming from deep hypothermic conditions en-
hances leukocyte-endothelial interaction and causes upregula-
tion of TEM and suggests an association between these effects 
and reduced JAM-A surface expression. This study was limited 
to in vitro observations and the clear transfer towards in vivo 
effect or the impact on the clinical setting were beyond the 
scope of this study. Further studies investigating the rewarm-
ing process will be required to fully understand the mecha-
nisms of rewarming injury.
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