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Ultrafast Hypothermia Selectively Mitigates
the Early Humoral Response After Cardiac
Arrest
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BACKGROUND: Total liquid ventilation (TLV) has been shown to prevent neurological damage though ultrafast cooling in animal
models of cardiac arrest. We investigated whether its neuroprotective effect could be explained by mitigation of early inflam-
matory events.

METHODS AND RESULTS: Rabbits were submitted to 10 minutes of ventricular fibrillation. After resuscitation, they underwent
normothermic follow-up (control) or ultrafast cooling by TLV and hypothermia maintenance for 3 hours (TLV). Immune re-
sponse, survival, and neurological dysfunction were assessed for 3 days. TLV improved neurological recovery and reduced
cerebral lesions and leukocyte infiltration as compared with control (eg, neurological dysfunction score=34+6 versus 66+6%
at day 1, respectively). TLV also significantly reduced interleukin-6 blood levels during the hypothermic episode (298+303
versus 991+471 pg/mL in TLV versus control at 3 hours after resuscitation, respectively), but not after rewarming (752+563
versus 741£219 pg/mL in TLV versus control at 6 hours after resuscitation, respectively). In vitro assays confirmed the high
temperature sensitivity of interleukin-6 secretion. Conversely, TLV did not modify circulating high-mobility group box 1 levels
or immune cell recruitment into the peripheral circulation. The link between interleukin-6 early transcripts (<8 hours) and neu-
rological outcome in a subpopulation of the previously described Epo-ACR-02 (High Dose of Erythropoietin Analogue After
Cardiac Arrest) trial confirmed the importance of this cytokine at the early stages as compared with delayed stages (>8 hours).

CONCLUSIONS: The neuroprotective effect of hypothermic TLV was associated with a mitigation of humoral interleukin-6 re-
sponse. A temperature-dependent attenuation of immune cell reactivity during the early phase of the post-cardiac arrest
syndrome could explain the potent effect of rapid hypothermia.
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disabilities after cardiac arrest (CA) and resuscitation.!

To improve the patient’s outcome, targeted tempera-
ture management is recommended, even if the ideal
target temperature is still debated.? In laboratory stud-
ies, strategies aiming at fastening cooling induction pro-
vide promising results to further improve the ultimate
neurological outcome.®* Some clinical data are also

Isohemia—reperfusion is responsible for neurological

supporting the importance of early achievement of target
temperature in humans after resuscitation.® Accordingly,
our team developed an original technique to reduce the
time to target temperature through the total liquid venti-
lation (TLV) of the lungs with temperature-controlled per-
fluorocarbons. We previously demonstrated its safety
and efficiency for whole body cooling and prevention of
the post—cardiac arrest syndrome in animal models.%7
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CLINICAL PERSPECTIVE

What Is New?

¢ We have already demonstrated that total liquid
ventilation could be efficient to prevent neuro-
logical damages though ultrafast cooling prop-
erties in animal models of cardiac arrest; in this
study, we demonstrated that total liquid ventila-
tion-induced hypothermia also transiently mod-
ulates the acute inflammatory response, which
likely contributes to its neuroprotective effect.

e Surprisingly, this anti-inflammatory effect was
not caused by a limitation of immediate cell
death after resuscitation but by a direct down-
regulation of the subsequent innate immune re-
sponse and interleukin-6 early release.

e This further supports the importance of early in-
terventions for cooling and inflammation mitiga-
tion in clinical practice after cardiac arrest.

What Are the Clinical Implications?

e Our results show that the inflammatory events
occurring during the first 3 hours after resusci-
tation play a major role in the pathophysiology of
the post—cardiac arrest syndrome.

e From a mechanistic point of view, it further em-
phasizes the role played by the early critical
period of immune overstimulation after cardiac
arrest.

e Hypothermia might provide a transient tolerance
to these proinflammatory stimuli and prevent
later dysregulation of the immune response; this
is consistent with several experimental and clini-
cal reports demonstrating an optimal window of
efficiency of rapid systemic hypothermia during
the first 2 to 4 hours after resuscitation.

Nonstandard Abbreviations and Acronyms

BBB blood-brain barrier
CA cardiac arrest

HMGB1 high mobility group box 1

PS100B protein S100B

ROSC resumption of spontaneous circulation
TLV total liquid ventilation

In experimental studies, hypothermia was shown to
mitigate the inflammatory response induced by isch-
emia-reperfusion through inhibition of proinflammatory
cytokine generation and attenuation of neuroinflam-
mation.8® However, the anti-inflammatory benefit of
hypothermia is still controversial in clinical settings.”®
This discrepancy might be explained by the delayed
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institution of hypothermia in clinical conditions, with
target temperature often achieved several hours after
resuscitation. Thus, patients might not benefit from the
effect of rapid hypothermia on the triggering phase of
inflammation, which remains poorly explored. Our hy-
pothesis is that hypothermia mitigates the early inflam-
matory response when achieved rapidly, which could
contribute to the greater effect of rapid cooling after
CA.57 In addition, several studies support the fact that
inflammation is a major contributor of the propaga-
tion of neuronal death after ischemia-reperfusion.'?
For instance, recent clinical studies demonstrated the
importance of the systemic inflammatory response
on the patient’s outcome, with a close correlation be-
tween interleukin-6 circulating levels and mortality."?
On the bench side, interleukin-6 signaling was further
shown to contribute to no reflow,'® blood-brain barrier
(BBB) dysfunction after brain ischemia,'* ultimately ex-
acerbating neuroinflammation. In addition, previous re-
ports from our group showed that the neuroprotective
effects of TLV are associated with preservation of BBB
integrity and normalization of cerebral blood flow in the
acute phase following resuscitation.®'® Those effects
might represent direct consequences of the anti-in-
flammatory potential of the procedure.

Accordingly, we sought to evaluate the effect of
ultrafast hypothermia with TLV on the inflammatory
process of the post-CA syndrome, in line with the
ultimate neuroprotective properties. We also inves-
tigated a putative link with early cell death reduction
through the assessment of the proinflammatory medi-
ator high-mobility group box 1 (HMGB1) as a key dam-
age-associated molecular pattern after CA.'®'" Finally,
to support our experimental findings, we further evalu-
ated the link between humoral response and neurolog-
ical outcome in clinical conditions in patients included
in the previously described Epo-ACR-02 (High Dose
of Erythropoietin Analogue After Cardiac Arrest) trial
population.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. The animal instrumentation and ensuing
experiments were conducted in accordance with of-
ficial French regulations after approval by the local eth-
ics committee (ComEth AnSES/ENVA/UPEC no. 16;
project 2017111414547261).

Animal Preparation and Clinical Follow-Up
Male New Zealand rabbits (2.5-3.0 kg) were anes-
thetized using zolazepam, tiletamine, and pentobar-
bital (all 20—30 mg/kg V), as well as buprenorphine
(30 pg/kg V). We did not include females since
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they could present different hormonal status. They
were intubated and mechanically ventilated using
a volume-controlled ventilator (Alpha Lab-Minerve,
Esternay, France), with a tidal volume set at 12 mL/
kg and FiO, at 0.21, respectively. Respiratory rate
was initially set at 28 cycles/min and then adjusted to
maintain end-tidal CO, around 35 to 40 mm Hg. After
administration of rocuronium bromide (1 mg/kg V),
2 electrodes were implanted on the inner muscular
wall and inserted into the esophagus for subsequent
induction of ventricular fibrillation. Body tempera-
tures and ECG were followed throughout the experi-
ments, as well as systemic blood pressure through
a catheter inserted into the ear artery. After a period
of stabilization, an alternative current (12 V, 4 mA,;
2.5 minutes) was delivered between the electrodes
to induce ventricular fibrillation. Concomitantly, me-
chanical ventilation was stopped. After 10 minutes of
untreated fibrillation, cardiopulmonary resuscitation
was performed using external manual cardiac mas-
sage (200 external chest compressions/min), electric
defibrillation (10 J/kg), and intravenous administration
of epinephrine (15 pg/kg V). During cardiopulmonary
resuscitation, animals were reconnected to the venti-
lator that was switched to a respiratory mode allowing
to deliver a continuous flow of oxygen (FiO,=100%).
Animals were excluded if resumption of spontaneous
circulation (ROSC) was not achieved in <10 minutes
after the beginning of cardiopulmonary resuscitation.
After ROSC, epinephrine administration was allowed
to reach a target mean blood pressure of 70 mm Hg.
After 6 hours of follow-up, animals were awakened
for subsequent neurological and survival follow-up
for 3 days. Neurological dysfunction was evaluated
blindly and daily using a clinical score previously
validated in rabbits (0%=normal, 100%=death).58 For
ethical considerations, animals eliciting a neurologi-
cal dysfunction score >80% at 24 hours or 60% at
48 hours were prematurely euthanized. All surviving
animals were euthanized at the end of the 3-day fol-
low-up for histological analysis.

Experimental Protocol

As illustrated in Figure 1, animals were divided into
3 experimental groups. The first group was submit-
ted to animal preparation and subsequent follow-up
with no CA (sham group, n=5). The 2 other groups
underwent electrical induction of CA and then were
randomly allocated to a control (n=6) or TLV (n=6)
procedure after ROSC. The control group did not re-
ceive any additional procedure and was maintained
under normothermic conditions with thermal pads
until awakening. In the TLV group, ultrafast cooling
was induced by TLV started 15 minutes after ROSC.
The lungs were filled with 10 mL/kg of perflubron
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(Exfluor, Round Rock, TX), with an initial temperature
of 20°C and a progressive increase to 33°C. The lig-
uid ventilator was set to a tidal volume of 10 mL/kg,
a respiratory frequency of 8 cycles/min, and a posi-
tive end-expiratory pressure of 2 cm H,O. We used
a previously described algorithm with a volume- and
pressure-controlled liquid ventilation mode. After
20 minutes of TLV and achievement of the hypo-
thermic target temperature of 33°C, animals were
weaned by prolonged exhalation at —15 cm H,O. The
liquid ventilator was then disconnected and animals
were shifted to conventional mechanical ventilation.
Hypothermia was further maintained by cold blan-
kets for 3 hours. Animals were then slowly rewarmed
with infrared lights and thermal pads for 4 hours
before weaning from conventional ventilation and
awakening. At the end of procedure, animals were
awakened for survival follow-up. In both groups, they
were housed in a closed cage enriched in oxygen for
24 hours and received analgesics (buprenorphine,
30 pg/kg IM) every day for 3 days.

Evaluation of Blood Inflammatory Markers
and Leukocytes

Using ELISA, blood levels of HMGB1 (Abbexa, Milton,
United Kingdom) and protein S100B (PS100B; FineTest,
Wuhan, China) were evaluated as markers of general
and cerebral cell death. Interleukin-6 (R&D Systems,
Minneapolis, MN), interleukin-1(3 (R&D Systems), tumor
necrosis factor-a (TNF-a, R&D Systems) and interleu-
kin-10 (Elabscience, Houston, TX) were also measured
using the same method. In the control and TLV groups,
blood samples were also prepared for flow cytometry
and leukocyte counts, as described in additional mate-
rial (Data S1).

Histological Analyses

At the end of the 3-day follow-up, rabbits were eu-
thanized and perfused with 5% paraformaldehyde
through both carotids. Brains were then removed,
postfixed with paraformaldehyde, and embedded
in paraffin. Brain coronal sections were stained with
hematoxylin and eosin. Neurons were labeled by
Fluorojade C staining (Merck Millipore, Burlington,
MA). For each animal and each analyzed region,
positive neurons were blindly counted in 5 nonover-
lapping fields of the same section at x200 magnifica-
tion. Data were expressed as the average value of
the 5 counts.

Immunohistochemical analyses were also per-
formed to quantify the invasion of the brain by pe-
ripheral immune cells. Neutrophils and T cells were
detected with a monoclonal antibody against a cell
surface antigen that is expressed by a subset of T cells,
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Figure 1. Experimental protocol, temperature, and hemodynamic parameters.

A, Experimental protocol illustrating the different procedures. After resuscitation, animals were randomly assigned to a conventional
follow-up under normothermic mechanical ventilation (control group, n=6) or to hypothermic total liquid ventilation (TLV; n=6). A
third group was submitted to a sham procedure with no cardiac arrest (n=5). Animals were excluded if resumption of spontaneous
circulation (ROSC) was not achieved in <10 minutes after the beginning of cardiopulmonary resuscitation. B, Esophageal and rectal
temperatures, mean arterial pressure, heart rate, and epinephrine infusion rate throughout the experimental protocol in the different
groups. Data are expressed as mean+SEM. Statistical comparisons were only made between groups but not among different time

points; *P<0.05 vs corresponding sham; TP<0.05 vs corresponding Control. VF indicates ventricular fibrillation.

thymocytes, and neutrophils (diluted 1:100; RPN3/57,
BioRad, Hercules, CA).

Whole Blood Stimulation Experiment

To evaluate the proper effect of hypothermia on im-
mune cell reactivity, leukocytes were stimulated in vitro
with toll-like receptor ligands and incubated at differ-
ent temperatures. Accordingly, arterial blood was with-
drawn from healthy rabbits using heparinized syringes
and diluted 1:1 with Roswell Park Memorial Institute
medium. Then samples were immediately stimulated
with lipopolysaccharide (100 ng/mL; Sigma-Aldrich,
St. Louis, MO) and incubated either at 33°C or at 38°C
for 2 or 6 hours. At the end of the incubation period,

J Am Heart Assoc. 2020;9:e017413. DOI: 10.1161/JAHA.120.017413

samples were centrifuged at 600g for 10 minutes at
4°C. Supernatant was stored at —80°C, and levels of
interleukin-6, interleukin-13, and TNF-a were deter-
mined by ELISA, according to the manufacturer’s in-
structions (R&D Systems).

Evaluation of Cytokine Expression in
Human Samples After CA

To further evaluate clinical relevance of our results,
we leveraged available data from a published clinical
trial initially designed to evaluate the effect of eryth-
ropoietin after out-of-hospital CA (ancillary study of
NCT00999583). In the corresponding study, blood
samples were collected in 69 comatose survivors
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of CA at hospital admission, and 1 and 3 days after
resuscitation (the exact time of sampling was regis-
tered) and exhaustive analysis of blood gene expres-
sion (>34 000 genes; HumanHT-12 V4 BeadChip,
lllumina, San Diego, CA;) was performed.'® Patients
were classified into 2 categories representing neu-
rological favorable outcome (Cerebral Performance
Category=1-2) versus unfavorable outcome (Cerebral
Performance Category >2) at day 60 after CA. We
extracted data corresponding to the cytokine tran-
scription levels, time of sampling after CA, and neu-
rological outcome to compare interleukin-6, TNF-a,
and interleukin-1(3 expression between patients with
good versus bad neurological outcome. The sam-
ples were grouped for comparison on the basis
of the time they were collected after CA (ie, within
0-8 hours after CA, n=25 versus 33 in the group with
good versus bad outcome, respectively, and within
8-36 hours after CA, n=28 versus 35 in the group
with good versus bad outcome, respectively).

Statistical Analysis

Data were expressed as mean+SE unless otherwise
stated. Continuous variables were compared between
groups using a 2-way ANOVA for repeated measures,
considering group, time, and interaction terms. If nec-
essary, post hoc analyses were performed at each
time point using a Student t test with Bonferroni cor-
rection. Neurological dysfunction, histological scores,
and cytokine transcription level in patients were com-
pared between groups using a nonparametric Mann—
Whitney test. For the cytokine transcription level in
patients, 2 different comparisons were made, that is,
for samples withdrawn <8 hours or 8 to 36 hours after
resuscitation. Correlation studies among clinical score
and cytokine blood levels were performed using non-
parametric Spearman analysis. The primary outcome
was the neurological dysfunction score, as a marker
of TLV-induced neuroprotection. We had to include 5
animals in each group to evidence a 40% reduction in
neurological dysfunction at day 1 (3=0.1). In the con-
trol and TLV groups, 6 animals were included to ac-
count for possible false-positive results when testing
numerous secondary outcomes. Statistical analyses
were performed using Prism 6 (GraphPad Software,
La Jolla, CA). Significant differences were determined
at P value <0.05.

RESULTS

TLV Provided Rapid Mild Hypothermia
Without Hemodynamic Adverse Effect

Seventeen rabbits successfully underwent the whole
protocol of the main study (n=6, 6, and 5 in the control,
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TLV and sham groups, respectively). Five animals were
excluded immediately after CA because of a lack of
successful resuscitation before group allocation. In
control and TLV groups, other animals were success-
fully resuscitated with similar times to ROSC after CA
(8.941.2 and 2.9+0.7 minutes in the control and TLV
groups, respectively). In the TLV group, the body target
temperature of 33°C was achieved within 30 minutes
after resuscitation (ie, 15 minutes after the institution
of TLV), whereas it was maintained at 38°C during
the whole procedure in the control group (Figure 1B).
During the hypothermic period, mean arterial pressure
did not differ, but heart rate was decreased in the TLV
group versus control. The amount of epinephrine re-
quired to prevent hypotension was significantly lower in
the TLV group as compared with control. No significant
difference in conventional biochemical parameters be-
tween the 2 groups was evidenced before and after
CA (Table S1).

TLV Mitigates the Immune Response After
CA Through a Specific Reduction in IL-6
Blood Levels During the Hypothermic
Episode Itself

As illustrated in Figure 2A, blood levels of HMGB1 in-
creased rapidly after resuscitation in both the control
and TLV groups, but there was no difference between
the 2 groups at 30 minutes after ROSC (30+7, 35+13,
and 10+0.1 ng/mL in the control, TLV, and sham
groups, respectively), suggesting a similar magnitude
for immediate cell death after resuscitation. Likewise,
TLV did not modify the rise in PS100B plasma levels
as compared with the control group during the first
3 hours after ROSC. Indeed, baseline concentrations
of PS100B increased from 124+62% and 92+37% at
180 minutes after ROSC in the TLV and control groups,
as compared with baseline values (1165+310 and
1080+181 pg/mL, respectively).

As illustrated in Figure 2B, a striking increase in
plasma interleukin-6 level was observed after CA in
the control versus the sham group. Conversely, no
difference was observed regarding TNF-a release
(concentrations below the limit of quantification
throughout the follow-up) or interleukin-1(3 blood lev-
els. In the TLV group, interleukin-6 blood levels were
significantly decreased during the hypothermic epi-
sode as compared with control conditions (180 min-
utes after CA). Conversely, interleukin-6 levels were
no more reduced as compared with control after re-
warming (Figure 2B).

In line with this modification of the early proinflam-
matory response, TLV reduced the blood levels of
interleukin-10 anti-inflammatory cytokine at 24 hours
after CA as compared with control. This suggests that
TLV not only delays the onset of interleukin-6 signaling
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Figure 2. Early release of tissular damage and inflammatory markers in the different groups.
Blood concentrations of high-mobility group box 1 (HMGBH1; A), interleukin-6 (B), interleukin-13 (C), and
interleukin-10 (D) throughout the procedure, (n=5, 6 and 6 in sham, control, and TLV groups, respectively).
Data are expressed as mean+SEM. Statistical comparisons were only made between groups but not
among different time points; *P<0.05 vs corresponding sham; 7P<0.05 vs corresponding control. ROSC
indicates resumption of spontaneous circulation; and TLV, total liquid ventilation.

until rewarming but also mitigates the compensatory
anti-inflammatory response after CA.

Despite the above-mentioned effects, leukocytes
similarly increased in the TLV versus the control group
after CA (Figure S1). The leukocytosis was mainly
caused by a mobilization of granulocytes, whereas all
lymphocytes population subsets (including T-helper
cells, cytotoxic cells, and B lymphocytes) showed a
slight decrease over time. Hypothermia modified nei-
ther the influx of granulocytes to the peripheral cir-
culation nor the granulocyte/lymphocyte proportions
after CA.

Ultrafast Hypothermia Improved the
Ultimate Neurological Outcome

Ultrafast cooling by TLV was associated with a dramatic
improvement of the neurological recovery as com-
pared with control conditions. As shown in Figure 3A,
the neurological dysfunction score achieved 34+6% at
day 1 in the TLV group as compared with 66+6% in
the control group. In the latter group, all animals still
elicited severe neurological dysfunction at day 2, lead-
ing to premature euthanasia as prospectively decided
with the ethical committee (neurological dysfunc-
tion score >60%). In the TLV group, all animals had a
lower neurological dysfunction score at day 2 (21+5%)
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versus day 1, allowing further follow-up until day 3.
The resulting impact on survival outcome is illustrated
by Figure 3B. To confirm the neuroprotective effect
of TLV, histopathological evaluations were performed
using Fluorojade C staining for the identification of de-
generating neurons. A significant reduction of neuronal
injuries was confirmed in parasagittal cortex and hip-
pocampus in the TLV group as compared with control
(eg, 4.5+4.8 versus 21.3+15.4 degenerating cells/field
in the hippocampus, respectively) (Figure 3C and 3D).
As shown in Figure 4, immunohistochemical analyses
revealed an increase in the number of leukocytes into
the brain parenchyma of control animals as compared
with sham animals. This infiltration was significantly re-
duced in the TLV group.

Hypothermia Inhibits the Immune Cells
Reactivity In Vitro

To assess the proper effect of mild hypothermia on
peripheral blood cell secretory activity, additional
in vitro experiments were completed for the evalua-
tion of immune cell reactivity. For this purpose, pro-
inflammatory cytokine production was determined at
either 33°C or 38°C after stimulation with lipopoly-
saccharide (Figure 5). Interleukin-6, interleukin-1p3,
and TNF-a concentrations increased as early as
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Figure 3. Neurological dysfunction score and histopathological morphology.

A, Neurological dysfunction at days 1 and 3 following resuscitation in the different experimental groups (0%=lack of dysfunction;
100%=death). Circles represent individual values. Lines represent mean values and corresponding standard error of the mean. B,
Kaplan—-Meyer survival curves. All premature death in the control group are related to anticipated euthanasia for ethical considerations.
C, Number of degenerating neurons per field, as defined by positive Fluorojade C cells. Numbers are expressed as mean number
per analyzed field, in parasagittal cortex and hippocampus. Numbers are mean values from 5 field per rabbit and area. D, Typical
histological appearance of the cortex after Fluorojade C staining, showing no or few degenerating neurons in sham and TLV groups,
as compared with frequent degenerating neurons in the control group. Data are expressed as mean+SEM. *P<0.05 vs corresponding
sham; TP<0.05 vs corresponding control. TLV indicates total liquid ventilation; n=5, 6, and 6 in sham, control, and TLV groups,

respectively.

J Am Heart Assoc. 2020;9:e017413. DO

I: 10.1161/JAHA.120.017413



Boissady et al

Hypothermia and Humoral Immune Response

>

Cerebral leukocytes
{number/ 10 mm?)
i

50 ym

Sham
Il Control
3 1Ly
.'.
Cc
: 50 um
E 7
\
.
¥
20 pm

Figure 4. Brain invasion by peripheral immune cells.

A, Number of leukocytes (lymphocytes and neutrophils) localized into the cerebral parenchyma in each
group. B through D, Morphological appearance of the immunohistochemical staining used for leukocyte
identification. No positive cells were observed in sham animals (B and C). In the control and TLV groups,
leukocytes (black arrows) were observed into the brain parenchyma close to blood vessels (D and E in
a rabbit from the control group). Data are expressed as mean+SEM. *P<0.05 vs corresponding sham;

TP<0.05 vs corresponding control.

2 hours after stimulation in comparison with baseline,
but the increase was reduced at 33°C versus 38°C.
Interleukin-6 production was divided by 3 compared
with that at 38°C, independently from the duration of
incubation.

Early Immune Response and Interleukin-6
Transcripts Are Also Associated With
Ultimate Outcome in Humans

To confirm the importance of early versus late in-
terleukin-6 levels after CA, we analyzed mRNA
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blood levels of interleukin-6, interleukin-13, and
TNF-a in patients.”® We compared the values of
these cytokines when evaluated from samples with-
drawn early (<8 hours) as compared with later ones
(8=30 hours) after CA in patients with poor versus
favorable outcome (Cerebral Performance Category
1-2 versus Cerebral Performance Category >2). As
shown in Figure S2, interleukin-6 levels were signifi-
cantly different in patients with good versus bad ulti-
mate outcome at early time points (ie, <8 hours after
CA) but not later after ROSC (ie, 8—-36 hours after
CA). Interleukin-13 and TNF-a were similar among
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Figure 5. Cytokine production by peripheral blood cells
stimulated with lipolysaccharide (lipopolysaccharide) at
33°C vs 38°C.

Fresh whole blood from rabbits was incubated during 2 to 6 hours
after lipopolysaccharide adjunction. Experiments were done
at either 33°C and 38°C (n=6 for each condition). Interleukin-6
data are expressed as mean+SEM. Interleukin-13 and tumor
necrosis factor (TNF)-a concentrations were then measured in
the plasma. *P<0.05 vs corresponding value at 33°C.

patients with poor versus bad outcome, regardless
of the timing of investigation. This again highlights
the functional importance of interleukin-6 during the
early phase after CA.
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DISCUSSION

In this study, we investigated the effect of early hy-
pothermia induced by TLV on the initiation of the in-
flammatory response following CA. Surprisingly, the
anti-inflammatory properties of TLV were not medi-
ated by reduction of early cell death and subsequent
release of danger signals. Early hypothermia rather
uncoupled the acute immune signalization and the
ultimate deleterious effects after CA. As there was
no difference regarding mobilization of immune cells
toward peripheral circulation among groups, we as-
sumed that hypothermia simply acted through direct
downregulation of immune cell reactivity, which was
further corroborated by in vitro results of whole blood
stimulation assays.

As stated above, hypothermia instituted rapidly
after ROSC did not reduce early cell death after CA as
compared with normothermic animals, as evidenced
by similar blood levels of HMGB1 and PS100B. Indeed,
HMGB1 is known to be a prototypical damage-asso-
ciated molecular pattern released by a great variety
of cells, whereas PS100B mainly reflects cerebral cell
death. Since hypothermia was well shown to prevent
excitotoxicity'® or to dampen reactive oxygen species
generation,?%?" this suggests that cells have already
endured irreversible lesions during the no-flow period,
and early cell death after CA might not be prevented by
postreperfusion interventions. Conversely, hypother-
mia seemed to partially block the inflammatory con-
sequences of cell necrosis. A lower systemic humoral
immune response was indeed evidenced regarding
interleukin-6 blood levels, in line with improved neuro-
logical outcome at the end of the follow-up. It was as-
sociated with a reduction of delayed neuronal lesions
as shown by Fluorojade C analyses. Thus, in our ex-
perimental setting, hypothermia appeared to uncouple
the early processes triggered by ischemia-reperfusion
from their delayed consequences, that is, secondary
cerebral lesions.

Unexpectedly, this uncoupling did not require a total
blunt of inflammatory events as interleukin-6 blood lev-
els returned to control value in the TLV group during the
rewarming period. Hypothermia delayed the secretion
of proinflammatory mediators rather than completely
suppressing it. This is fully in line with the results of
the in vitro experiments, showing a direct relationship
between temperature and interleukin-6 secretion by
blood immune cells. Indeed, a major reduction in cy-
tokine concentration was observed in blood samples
incubated at 33°C versus 38°C. The transient repres-
sion exerted by hypothermia on the systemic inflam-
mation in the present rabbit study then suggests that
inflammatory events occurring during the first 3 hours
after ROSC play a major role in the pathophysiology
of the post-CA syndrome. That is why we attempted
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Figure 6. Schematic representation of a putative mechanisms of protection of early hypothermia induced by total liquid
ventilation (TLV) after cardiac arrest, with a focus on the early inflammation reaction.

Beyond the results of the present study, the summarized assumptions are also based on previous findings of our group and others.
First, it was previously demonstrated that TLV reduces the early permeabilization of the blood-brain barrier (BBB)® and prevents
the cerebral hemodynamic disturbance.'® Second, the link between interleukin-6, BBB dysfunction and no-reflow development has
also been previously demonstrated in animal models of brain ischemia.'®' Third, it is well shown that interleukin-6 secretion by
immune cells is an immediate response to danger signals such as high mobility group box 1 (HMGB1) that are released after ischemic
injury.?”-2° That is why a global mechanistic hypothesis could be proposed with a putative direct effect of early hypothermia on
interleukin-6 secretion during the acute phase after cardiac arrest, leading to a preservation of BBB dysfunction, no-reflow extension,

and neurological lesions exacerbation.

to determine whether cytokine blood levels are also
linked with the ultimate patient outcome at rather early
versus delayed time points in clinical conditions. We
had the opportunity to evaluate this hypothesis in the
previously reported Epo-ACR-02 population, in which

J Am Heart Assoc. 2020;9:e017413. DOI: 10.1161/JAHA.120.017413

we tested the transcriptomic signature after cardiac
arrest.'® The results further corroborated our hypoth-
esis, showing a correlation between interleukin-6 tran-
script levels and neurological recovery only at very
early but no later time points after ROSC in patients
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(ie, 0—8 versus 8-36 hours). From a mechanistic point
of view, it further emphasizes the importance of an
early critical period of immune overstimulation after
cardiac arrest. Hypothermia might provide a transient
tolerance to these proinflammatory stimuli and prevent
later dysregulation of the immune response. This is
also consistent with several experimental and clinical
reports demonstrating an optimal window of efficiency
of rapid hypothermia during the first 2 to 4 hours after
ROSC.342223 For instance, a recent substudy of the
Resuscitation Outcomes Consortium Continuous
Chest Compressions trial showed higher benefits of
hypothermia after CA when initiated during the first
122 minutes after ROSC.?3

Importantly, early hypothermia also attenuated the
delayed compensatory anti-infammatory response
occurring after rewarming in our experimental condi-
tions, as suggested by the decrease in interleukin-10
concentrations 24 hours after resuscitation in the TLV
group. This secondary anti-inflammatory reaction is
well described in patients, who tend to spontaneously
develop an immunodeficiency state called endotoxin
tolerance, characterized by impaired leukocyte reactiv-
ity to infectious agents and thus enhanced sensitivity
to nosocomial infections.?42® By diminishing the vigor
of the initial proinflammatory reaction, early hypother-
mia might help to maintain the immunological balance
after rewarming.

As stated above, another important finding is the
predominant interleukin-6 response after CA in the
present study, while we did not observe a significant
increase in interleukin-13 or TNF-a blood levels or tran-
scripts. Though we do not have the direct demonstra-
tion of the causal role in the protective effect of TLV,
several hypotheses can be raised regarding previous
findings from our groups and others.'%?"=23 For in-
stance, interleukin-6 has been shown to increase BBB
permeability by modulating the tight junction proteins'
and to promote peripheral cell infiltration into tissues
during acute inflammation.?® Thus, downregulation
of interleukin-6 secretion could contribute to BBB
preservation, a known benefit of TLV, previously high-
lighted by our team,® during a period of exacerbated
susceptibility. Interleukin-6 has also been shown to
stimulate coagulation and microvascular thrombosis,
and thus could be responsible for no-reflow phenom-
enon. Figure 6 illustrates a schematic representation
of this putative action mechanism of TLV on acute
inflammation, summarizing the putative link between
cerebral microvascular disorders and interleukin-6
signaling.8:13-15.27-29

Finally, this study also provides detailed information
regarding the time course of the acute inflammatory
events contributing to post-CA syndrome. In our ex-
perimental setting, a temporal pattern of plasma inter-
leukin-6 increase was in favor of a strong but relatively

J Am Heart Assoc. 2020;9:e017413. DOI: 10.1161/JAHA.120.017413

Hypothermia and Humoral Immune Response

short proinflammatory humoral response. Maximal in-
terleukin-6 concentrations were reached 3 hours after
ROSC, with levels similar to those reported in sepsis,°
but there was no longer a significant difference be-
tween the control and TLV groups at day 1 of follow-up.
This kinetic might explain the failure of clinical studies
to demonstrate the anti-inflammatory properties of
mild hypothermia as they generally focused on later
time points after resuscitation. Furthermore, during the
first 24 hours after resuscitation, the proinflammatory
signalization seemed specifically mediated by eleva-
tion of interleukin-6 levels, with very little contribution
of other proinflammatory cytokines such as TNF-a and
IL-1B. Although our observations were conducted at
a systemic level and deserve additional evaluation in
brain tissue, it strongly suggests independent regula-
tion of these proinflammatory cytokines in this context.
It was unexpected as both TNF-a and interleukin-13
were reported to be involved early in the post-CA in-
flammatory cascade, primarily released by leukocytes
and endothelial cells.?42%3" This discrepancy, as well
as late elevation in interleukin-6 plasma concentration
after CA in patients, may reflect bacterial translocation
and secondary development of a sepsis rather than di-
rect inflammatory consequences of CA and should be
addressed differently than by anti-inflammatory inter-
ventions. In that regard, Adrie et al** reported frequent
endotoxemia in patients following CA (endotoxin was
detected in the plasma of 46% of patients on the first
2 days after CA).

Importantly, our study presents some limitations.
First, hypothermia was maintained only for a 3-hour
period after CA, as compared with 24 to 36 hours,
which is usually applied in the clinical arena. Our ratio-
nale was that early achievement of whole-body hypo-
thermia, only for a short period, is sufficient to provide
potent neuroprotection, as well demonstrated in previ-
ous animal studies with TLV.5-832 We chose to evaluate
the mechanism underlying this particular modality of
protection offered by hypothermia, which seems more
“specific” to the action of very early cooling. Longer
durations of hypothermia may be associated with more
profound alteration of the immune response, such
as immunoparalysis. Second, the rabbit immune re-
sponse following acute ischemic insult may not exactly
reflect the one that takes place in humans, such as
already suspected in rodent models of inflammatory
diseases.®® Finally, the small sample sizes may lead
to an insufficient statistical power to evidence small
differences in some of the studied markers, such as
HMGB1, PS100B, or interleukin-1(3.

In conclusion, we demonstrated that hypother-
mia, when achieved with TLV early after ROSC, tran-
siently modulates the acute inflammatory response,
which likely contributes to its neuroprotective effect.
Surprisingly, this anti-inflammatory effect did not rely
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on limitation of immediate ischemia-reperfusion—-me-
diated cell death but on direct downregulation of the
subsequent innate immune response and interleukin-6
early release. These findings support the importance
of early interventions in clinical practice and rapid insti-
tution of hypothermia after CA.
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Flow cytometry

In the Control and TLV groups, 100 pL of peripheral blood samples were collected
before the onset of cardiac arrest and at different time points throughout the procedure (i.e., 1
h, 3 h, 6 h and 24 h post-ROSC). Erythrocytes were lysed for 15 min, and the debris were
washed away, in accordance to the manufacturer recommendations (RBC Lysing Buffer,
Tebubio, Le Perray-en-Yvelines, France). Cells were then fixed in 0.5%
paraformaldehyde/PBS before staining the next day. Then, cells were incubated with Fcblock,
and stained using the following monoclonal antibodies: (APC)-labelled anti-T-cells marker
(KEN5, 5 uL, Santa Cruz Biotechnology, Dallas, TX, USA), phycoerythrin (PE)-labelled anti-
CD4 (0.75 pL, Lifespan Biosciences, Seattle, USA), fluorescein isothiocyanate (FITC)-labelled
anti-CD8 (5 uL, Lifespan Biosciences, Seattle, USA), APC-labelled anti-CD11b (clone M1/70,
1 uL, EXBIO praha, Vestec, Czechoslovakia), FITC-labelled anti-CD14 : 5 pL (Clone TU ,5 pL,
Lifespan Biosciences, Seattle, USA), APC-labelled anti-CD79a (clone HM57, 5 uL, EXBIO
praha, Vestec, Czechoslovakia). To perform surface antigen staining, cell suspensions were
incubated on ice with appropriate mix of antibodies for 30 min. Then, cells were washed three
times with a phosphate buffered saline solution containing bovine serum albumin (0.5%) and
finally resuspended in running buffer for flow cytometry. Intracellular staining with CD79-a, for
B-lymphocytes identification, was performed with Thermofisher Fix & Perm cell
permeabilization kit ®, according to the manufacturer’s instructions. Four-color flow cytometry

was conducted with the BD Biosciences AccuriC6 device.
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Table S1: Blood gases and biochemical parameters throughout protocol in the different

groups. Data are expressed as mean = SEM.

Statistical comparisons were only made for group effect but not among time-points. *, p<0.05

vs Sham; f, p<0.05 vs Control.

Parameters and groups Baseline After ROSC
30 min 360 min 24 h

Lactate blood level (mmol/L)
Sham 47+14 3.3+1.7 3.7+x17 5047
Control 57+1.4 15.7+1.4*  9.1+15* 5.6 £2.2
TLV 4.3+0.7 16.9 £ 1.0* 7.4+0.9 29+1.2
Bicarbonate blood level (mmol/L)
Sham 28.4+ 3.3 26.2+1.6 27.0+1.6 21.2+1.9
Control 28.6 15 16.8 £ 2.4* 205+29 21.2+2.0
TLV 274 +2.1 21.6+1.4 20.8+1.8 26.1+3.0
Creatinine blood level (umol/L)
Sham 67 +11 59 + 27 81+14 85+ 10
Control 62+ 12 158 + 53 107 + 39 136 + 45
TLV 53+8 121 + 39 82+8 88 + 23
Glucose blood level (mg/dL)
Sham 1.8+0.1 1.6+0.1 1.6+0.1 1.7+0.1
Control 1.7+£0.1 3.9+£0.1* 3.4 +0.8* 1.7+£0.2
TLV 20+£0.1 41+0.3* 3.1+0.4* 1.3+0.1




Figure S1.Leukocytes counts in the peripheral circulation throughout the experimental

protocol in the different groups.
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Granulocytes were considered as CD11*CD14 cells, monocytes as CD11*CD14* cells and B
cells as CD79a* cells. T cells were identified thanks to a specific marker and further classified
as CD4" or CD8".

Data are expressed as meantsem. Statistical comparisons were only made between groups
but not among different time points; TLV, total liquid ventilation, ROSC, resumption of

spontaneous circulation.



Figure S2. Blood transcription level of interleukin (IL)-6, IL-18 and Tumor Necrosis

Factor (TNF)-a in patients after out-of-hospital cardiac arrest.
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Transcription levels were analyzed in samples withdrawn within 0-8 h vs 8-36 h after cardiac
arrest (n=58 and 73, respectively). They were compared in patients with favorable vs poor
neurological outcome, i.e., cerebral performance category (CPC)1-2 (n=25 and 33 for patients
sampled <8 h and between 8-30 hours, respectively) vs CPC>2 (n=28 and 35 patients sampled
<8 h and between 8-30 hours, respectively). Open circles and bold lines represent individual
and mean values, respectively.

Data are expressed as individual (squares and circles), medians and interquartile values. *,

p<0.05 vs corresponding CPC 1-2.



