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Abstract

Background: Extracorporeal blood purification (EBP) treatments may be used in patients with sepsis and related
conditions to mitigate toxic systemic inflammation, prevent or reverse vital organ injury, and improve outcome. These
treatments lack demonstrable efficacy, but are generally considered safe. However, since late 2020, four clinical studies
of EBP treatment using adsorbent devices in inflammatory disease reported significantly increased patient mortality
associated with the adsorbent treatments. Criticisms of study design and execution were published, but revealed no
decisive flaws. None of these critiques considered possible toxic effects of the adsorbent treatments per se.

Perspective and conclusion: In adsorbent EBP treatment of systemic inflammatory disease the adsorbent media
are deployed in patient blood or plasma flow for the purpose of broad spectrum, non-specific adsorptive removal of
inflammatory mediators. Adsorption and sequestration of inflammatory mediators by adsorbent media is intended
to reduce mediator concentrations in circulating blood and neutralize their activity. However, in the past two dec-
ades developments in both biomedical engineering and the science of cytokine molecular dynamics suggest that
immobilization of inflammatory proteins on solid scaffolds or molecular carriers may stabilize protein structure and
preserve or amplify protein function. It is unknown if these mechanisms are operative in EBP adsorbent treatments.
If these mechanisms are operative, then the adsorbent medium could become reactive, promoting inflammatory
activity which could result in negative outcomes. Considering the recent reports of harm with adsorbent treatments
in diverse inflammatory conditions, caution urges investigation of these potentially harmful mechanisms in these
devices. Candidate mechanisms for possible inquiry are discussed.

Keywords: CytoSorb, Coupled plasma filtration and adsorption, CPFA, Adsorbent, Sepsis, COVID-19, Extracorporeal
blood purification, Protein interface chemistry, Monoclonal antibodies, Bioreactor

Background

In critical illness resulting from toxic systemic inflam-
mation, e.g., sepsis, COVID-19, extracorporeal blood
purification (EBP) treatments have been deployed to
reduce concentrations of inflammatory mediators (IM) in
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circulating blood. The goal of these treatments is to abate
inflammatory organ injury and improve patient outcome.
While evidence for efficacy of EBP treatment in acute
inflammatory disease is lacking, it is generally considered
safe [1].

However, since late 2020, contradictory findings have
emerged: in four separate clinical studies, EBP treat-
ment using either of two adsorbent devices was associ-
ated with significantly increased patient mortality risk. A
hemoadsorbent bead device (CytoSorb®, CytoSorbents,
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Monmouth Junction, NJ) marketed in Europe was stud-
ied in three distinct patient groups: refractory respiratory
failure due to COVID-19 requiring extracorporeal mem-
brane oxygenation (ECMO) [2], circulatory shock follow-
ing out-of-hospital cardiac arrest (OHCA) [3], and septic
shock [4]. Combined plasma filtration and adsorption
(CPFA, Bellco, Italy) using a resin adsorbent was studied
in septic shock [5]. In each study, the adsorbent-treated
group exhibited significantly increased mortality risk.
Criticisms of the design and/or execution of the studies
have been published, but no decisive clinical flaws were
identified [6, 7]. No major toxicity for adsorbent EBP has
previously been reported with either device in the clinical
literature [8]. Therefore, potential mechanisms of harm
will be sought outside the clinical domain, specifically in
the domains of protein chemistry and bioengineering.

In this paper, we present the hypothesis that some
blood or plasma inflammatory proteins may adsorb to a
compatible solid matrix, e.g., beads, resins, membranes,
functionalized fibers. For some proteins in some con-
texts, matrix adsorption may provide functional stabi-
lization and presentation of reactive proteins in blood
or plasma flows and thus promote their biologic func-
tion. Adsorption of these proteins to a large surface area
matrix may amplify their function. These effects are con-
trary to the therapeutic intent of these EBP treatments.
The presented hypothetical mechanisms of toxicity of
protein adsorption-stabilization are intended to suggest
initial avenues of laboratory and/or clinical investigation
in order to promote safe and effective use of EBP treat-
ments that involve adsorbent mechanisms.

Recent evidence

Supady et al. performed a single-center, open-label, ran-
domized, controlled trial in 34 patients with COVID-19
and severe respiratory failure requiring ECMO. Of these
patients, 17 were also treated with hemoadsorption using
the CytoSorb® device, and 17 were controls (ECMO
without hemoadsorption). Survival at 30 days was 3/17
(18%) in the hemoadsorption group, and 13/17 (76%) in
the control group (p=0.0016). Mortality hazard ratio
(HR) with 95% confidence interval (95% CI) for adsorp-
tion treatment was 6.46 (1.64, 25.42), p=0.0075 [2].

Akin et al. reported “early routine use of hemoadsorp-
tion” in 24 patients with circulatory shock following
OHCA. Hemoadsorption patients were matched 1:2 to
historic controls (n =48); there was no difference in base-
line parameters. In the hemoadsorption group, 30-day
mortality was higher (83%) than in matched control sub-
jects (65%, p=0.011). Control patients were said to have
“...a more favorable neurological outcome...” [3].

Garcia et al. prospectively recruited 48 septic patients
with refractory shock (vasopressor dependency index >3
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despite adequate volume resuscitation) and circulat-
ing IL-6>1000 ng/L. Hemoadsorption treatment was
started within 24 h of shock onset. These patients were
matched to 48 historic control subjects. Intensive care
unit (ICU) mortality was 42% in the control group, and
67% (p=0.024) in the hemoadsorption group (mortality
HR 1.82 [95% CI, 1.03-3.2; p =0.038] [4].

Critics of these papers focused on study design, patient
selection, and group balance [6]; and possible removal of
beneficial solutes (e.g., antibiotics, immunosuppressors,
antiepileptics, remdesivir) [7]. As important as these and
other factors are, they do not include a key common ele-
ment: the adsorbent devices themselves.

In these studies, adsorbent treatment was delivered
using the CytoSorb device. The CytoSorb is a column
packed with mesoporous beads through which blood
is circulated resulting in broad spectrum, non-specific
adsorption of IM molecules to the beads [9].

Hemoadsorption’s possible association with adverse
outcomes is not unique. In coupled plasma filtration and
adsorption (CPFA, Bellco, Italy) plasma is first separated
from blood by a plasma filter, and the plasma is circulated
through a styrenic resin adsorbent cartridge. Finally, the
treated plasma is returned to the blood path downstream
of the plasma filter; this combined plasma-blood flow
undergoes hemofiltration and is then returned to the
patient.

Garbero et al. reported a multi-center, randomized
controlled trial of CPFA in adult patients with septic
shock (COMPACT-2) [5]. CPFA target dose was 0.2 L/
kg of plasma exchange over about 10 h each day. CPFA
was started within 12 h of shock diagnosis and was dis-
continued after three consecutive days if shock had
resolved. The first interim analysis revealed early deaths
in the CPFA group; unplanned analysis revealed mor-
tality was higher in the CPFA group (n=63) at 3 days,
than in the Control group (n=52). Mortality at 3 days
in the CPFA group was 30.2%, and in the Control group
was 13.5%, p=0.044; and at ICU discharge mortality in
the CPFA group was 54%, and in the Control group was
28.8%, p=0.008. In subjects without severe acute kid-
ney injury mortality was directly related to the volume of
treated plasma. A parallel trial of CPFA in septic shock
(ROMPA) was terminated based on the COMPACT-2
findings [10]. Meta-analysis of both studies confirmed
increased relative risk (RR) of early death with CPFA at
day 3 [RR, 95% CI, 2.02 (1.14-3.59)], and day 28 [RR, 95%
CI, 1.47 (1.03-2.10)] [11].

In the COMPACT-2 trial, two specific findings sug-
gest resin adsorbent treatment may have contributed to
the lethal outcome. First, the relative risk of death was
highest by day 3 [RR, 95% CI, 2.24 (1.02—4.91); p =0.044]
and was the reason for trial termination. This close
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temporal association of early mortality with the start of
CPFA treatment suggests a relationship between these
events. Second, the dose—response relationship observed
between mortality and the volume of adsorbent-treated
plasma (p=0.010), may implicate the resin adsorbent
treatment.

The COMPACT-2 authors considered the combina-
tion of renal replacement therapy (RRT) with adsorption
in CPFA could remove excessive antibiotics with lethal
results in septic patients [5]. Indeed, the possible role of
antibiotic removal in the excess mortality in all four stud-
ies must be considered.

For the sepsis studies [4, 5], anti-microbial drug
removal is specifically relevant.

Reduction in the concentrations of anti-microbial drugs
(meropenem, ciprofloxacin, piperacillin, flucloxacillin,
gentamicin, vancomycin, voriconazole, fluconazole) in
saline or albumin solutions by circulation through the
CytoSorb device was measured in an in vitro recircu-
lating test circuit [12]. Depending on the drug, concen-
tration reductions ranged from 67 to 100% in the first
60 to 90 min of recirculation. In reconstituted human
blood, by 30 min of recirculation, reduction of merope-
nem concentration was approximately 45% and reduc-
tion of ciprofloxacin concentration was approximately
52%. However, the test circuit fluid flow rate was 20 mL/
min, which is much lower than the minimum CytoSorb
blood flow rate of 100 mL/min in the clinical reports [2,
4]. A low fluid flow rate through the CytoSorb increases
contact time between the drug and the adsorbent sur-
face potentially enhancing adsorption and overestimating
adsorbent capacity for anti-microbial drugs. [12].

In an in vivo model, CytoSorb’s impact on total body
clearance of 17 anti-microbial drugs was “moderate” for
fluconazole and linezolid, “mild” for liposomal ampho-
tericin B, posaconazole and teicoplanin, and “negligible”
for 12 of 17 other drugs [13].

In a retrospective clinical study in five septic shock
patients treated with CPFA, piperacillin and vancomycin
had high adsorbent extraction ratios (>95%) across the
resin early, but this decreased significantly by 8 h. Extrac-
tion of tazobactam was “low” None of these drugs had
significant changes in patient serum concentrations [14].
Thus, anti-microbial drug removal by CPFA is variable
and may not affect serum drug levels.

Findings from in vivo studies for both CytoSorb and
CPFA do not show consistent, clinically relevant anti-
microbial drug effects.

In the study of hemoadsorption in patients with shock
following OHCA [3], anti-microbial drug removal seems
not relevant to the outcome.

For patients infected with COVID-19 remdesivir is a
US Food and Drug Administration approved treatment.
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In an in vitro recirculating serum model, remdesivir
and its active metabolite (GS-441524) were completely
eliminated by CytoSorb treatment by 60 min [15]. How-
ever, remdesivir has no effect on mortality in COVID-19
patients requiring mechanical ventilation or ECMO [16]
so its removal is unlikely to explain the excess mortality
observed in such patients treated with CytoSorb.

Possible removal of certain anti-microbial drugs in crit-
ically ill infected patients by any form of EBP treatment
requires close attention. The suggestion that adsorbent
treatment may rapidly remove some drugs means thera-
peutic drug monitoring should be used and additional
antibiotic doses should be considered, particularly early
in treatment.

In the present reports [2-5] possible anti-microbial
drug removal by adsorbent treatment appears to be
either irrelevant [2, 3] or of doubtful significance [12-14],
and so is unlikely to explain the reported excess mortal-
ity. Therefore, in an abundance of caution, inquiry into
the adsorbent process per se as the source of toxicity is
warranted.

Conflicting evidence and possible resolution

As noted, adsorptive EBP is generally considered to be
ineffective but safe [1]. Diab et al. [17] recently reported
the first adequately powered, multi-center randomized
controlled clinical trial investigating hemoadsorption
efficacy in reducing severity of postoperative organ dys-
function in 288 patients undergoing surgery for infec-
tive endocarditis. Patients were randomly assigned to the
hemoadsorption group (n=142) or the control group
(n=146). Hemoadsorption was done using the CytoSorb
device only during cardiopulmonary bypass; average
hemoadsorption treatment duration was 2.31+1.45 h.
The primary outcome was the difference in the mean
total postoperative sequential organ failure assessment
score (ASOFA) and basal SOFA score. Secondary out-
comes included 30-day mortality, postoperative stroke,
duration of mechanical ventilation, vasopressor treat-
ment, and renal replacement therapy, among other out-
comes. There was no difference between groups in any
outcome measure. Fifteen adverse events were moni-
tored and were not different between groups.

In a smaller study, Stockmann et al. [18] reported a sin-
gle-center randomized controlled clinical trial investigat-
ing hemoadsorption treatment with the CytoSorb device
in adults (n=49) positive for SARS-CoV2, with vasople-
gic shock (the need for noradrenaline dose>0.2 pg/kg/
min to maintain mean arterial pressure >65 mm Hg), a
C-reactive protein>100 mg/L, and requiring continuous
venovenous hemodialysis (CVVHD). The primary out-
come was time to resolution of vasoplegic shock. Sec-
ondary outcomes were mortality at study day 7, day 30,
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ICU and hospital discharge; serum IL-6 on day 1 and 3
of intervention; duration of mechanical ventilation; dura-
tion of ICU-stay; and catecholamine dose on day 1, 2, 3,
7, and 30 after start of CytoSorb treatment. In the Cyto-
Sorb group (n=23) treatment was initiated “right after”
meeting inclusion criteria. The CytoSorb device was
incorporated into CVVHD circuit before the dialysis fil-
ter and changed every 24 h; treatment continued for 3
to 7 days at the discretion of the treating physicians. An
additional dose of antibiotics was administered with each
CytoSorb device change. The Control group (n=26) had
no CytoSorb device in the CVVHD circuit. There were
no significant differences between groups in any outcome
measure or in occurrence of any adverse events.

In patients with toxic systemic inflammation, why
should adverse events with protein adsorption treatment
appear in some small studies with few treated patients,
and not in others? Why should adverse events not appear
in a large, randomized trial with many treated patients?
The likely explanation is in the tenets of precision med-
icine that seek to identify patients who will, or will not
respond to a treatment.

In response to infection or injury, the subject expresses
its genetically determined humoral and cellular proteins
supporting a distinct inflammatory response mechanism,
or endotype. Endotypes determine, among other things,
illness severity/organ dysfunction phenotypes [19], and
response to therapy [20, 21]. If a septic patient’s endo-
type drives severe illness and includes potentially toxic
proteins that are amenable to matrix adsorption and sta-
bilization, and if the patient is treated with an adsorbent
EBP, then inflammation and organ injury may be aug-
mented and mortality increased. If the subject’s endotype
does not include such proteins, then no inflammatory
augmentation would occur with matrix adsorption.

A major disadvantage of small studies is their vulner-
ability to biased study groups. If the subjects in a small
study were biased to endotypes amenable to enhanced
toxicity with adsorbent EBP, then the toxic effect should
be revealed. If bias to an endotype amenable to toxicity
is lacking, then no enhanced toxicity with adsorbent EBP
would appear. In larger studies where bias is minimized,
mixed endotypes could minimize or mask toxic effects.
In the terms of precision medicine, some patients may
have endotypes favoring a response, albeit negative, to
adsorbent EBP.

Theoretical mechanisms of adsorbent injury in toxic
systemic inflammation

Adsorbent devices in inflammatory disease are believed
to sequester and neutralize IM thus effectively inacti-
vating them. Does this reliably occur? Some of the most
important chemical and physical processes in biology
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occur at a surface or interface between two phases, such
as between circulating blood or plasma, and a solid,
adsorbent surface. In this dynamic and complex domain,
there could be effects that operate contrary to the thera-
peutic intent of the adsorbent treatment. Three of these
theoretical mechanisms will be briefly discussed: sta-
bilization and amplification of immobilized protein
functions, depletion of critical protective species, and
amplification of cytokine effects.

Stabilization and amplification of IM function is a rel-
evant concern since IM are not removed from the blood
circulation but remain on the adsorbent matrix and in
the blood or plasma flow for the 10-to-24 h duration of
therapy. Most adsorbed proteins are probably seques-
tered and inactivated, but some will be exposed on
matrix surface to flowing blood or plasma.

In biomedical engineering, adsorption of target pro-
teins on solid or porous support matrices to create indus-
trial bioreactors is established practice. In this application
of interface protein chemistry, immobilization of the
protein on a solid support stabilizes protein molecular
structure and function, substantially prolongs its half-life,
enables recovery and reuse of high value proteins, and
can amplify function by enhanced protein presentation in
process fluid flows (see Fig. 1). This expanding industry
enables green and sustainable chemical synthesis in phar-
maceuticals and other fine chemicals, as well as treat-
ment of waste effluents [22, 23].

The most common proteins immobilized in catalytic
bioreactors are enzymes. Several circulating enzyme
systems are active mediators in toxic systemic inflam-
mation. For example, acid sphingomyelinase (ASMA)
is released into the circulation by lysosomal exocyto-
sis from macrophages, endothelial cells, and other cells
in response to pathogens, proinflammatory cytokines,
or ligation of death receptors. In plasma, ASMA cata-
lyzes sphingomyelin breakdown to ceramide, and cera-
mide amplifies the proinflammatory cytokine response.
Ceramide also promotes membrane lipid raft formation
which clusters receptor molecules; this amplifies signal
transduction and apoptosis and promotes superoxide
generation. High plasma ASMA activity correlates with
disease severity and adverse outcome in COVID-19 [24].
In sepsis patients, ASMA plasma activity measured on
the day of ICU admission and the day of discharge/death,
significantly increased in nonsurvivors, and decreased in
survivors (p<0.02) [25]. Functional inhibitors of ASMA
(FIASMA, i.e., marketed anti-depressant drugs) improve
survival in murine sepsis models [26] and are used chron-
ically in cystic fibrosis patients to control lung inflamma-
tion [27].

Granzymes (GNZ) are serine proteases with both cyto-
toxic and extracellular functions; extracellular functions
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Fig. 1 Stabilization and amplification of inflammatory mediator
function. Enzyme A adsorption to matrix illustrates disrupted
structure and a masked active site (AS) resulting in loss of function,
i.e, the enzyme is totally neutralized. This is probably the fate of
most enzymes adsorbed to matrix. Enzyme B adsorption to matrix
illustrates stabilized structure and presentation of its AS in blood or
plasma flow which could increase substrate binding events. Such
enzyme function preservation or enhancement may be infrequent,
but could be contrary to the therapeutic intention of adsorptive

treatment

are of interest here. In murine sepsis models, GNZ
knockout improves survival. Plasma GNZ levels are ele-
vated in human sepsis. GNZ, acting synergistically with
endotoxin, potentiates cytokine (e.g., IL-1B, TNF-a, IL-6,
IL-18) release from monocytes and fibroblasts, and pro-
cesses cytokine precursors (e.g., pro-IL-la, pro-IL-1p,
pro-IL-18) into active molecules [28].

Adsorbent stabilization of ASMA in either blood or
plasma, could enhance its activity on its substrate, sphin-
gomyelin, generating ceramide and promoting proin-
flammatory activity. Stabilization of GNZ in blood, with
exposure to endotoxin, monocytes, and fibroblasts, could
promote proinflammatory activity. Both are contrary to
the therapeutic intent of adsorbent treatment.

Removal of protective proteins, given the devices’ non-
specific adsorption, is also a possibility. For example,
proteases, given their destructive capabilities, require
tight control by protease inhibitors. Inter-alpha inhibi-
tor proteins (Ialp) are serine protease inhibitors of GNZ
and other proteases, normally with high concentrations
in human plasma. Lim et al. studied 51 patients with

MMP-9  GNZ
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Bone
marrow

Matrix
Fig. 2 Removal of protective proteins. A Inter-alpha inhibitor
proteins (lalp) inhibit granzymes (GNZ) and other proteases reducing
their toxic proteolytic activity. Matrix metalloproteinase-9 (MMP-9)
transits to bone marrow where it mobilizes circulating endothelial
progenitor cells (cEPC) to the circulation, promoting healing of
microvascular endothelium. B Where matrix adsorption binds lalp its
activity may be reduced leading to disinhibition of proteases which
may be injurious. Where adsorption binds MMP-9, mobilization of
restorative cEPC may be blunted and their systemic restorative effects
diminished or lost

severe sepsis; controls were healthy volunteers. Ialp lev-
els were inversely correlated with 28-day mortality rates
and illness severity (APACHE II). In a murine model of
Escherichia coli sepsis, intravenous administration of
Iadp increased the 50% lethal dose by 100-fold [29].

Matrix metalloproteinase-9 (MMP-9), secreted by
neutrophils, is involved in degradation of extracellular
matrix, activates IL-8 in a positive neutrophil feedback
loop [30] regulates cytokines and their receptors, and its
plasma levels correlate with IL-6 [31]. Of interest and in
contrast to ASMA and GNZ, in severe sepsis patients,
low plasma levels of MMP-9 are associated with non-sur-
vival [32]. This may relate to the pivotal role of MMP-9
in the mobilization of circulating endothelial progeni-
tor cells (cEPC) from the bone marrow [33]. Disruption
of microvascular endothelium is a major mechanism
of organ failure and death in severe sepsis. cEPC repair
these defects; their circulating numbers correlate with
survival in septic patients [34].

Depletion of Ialp or other anti-proteases, or MMP-9
(see Fig. 2A, B), could inhibit damage control mecha-
nisms in toxic inflammation, and so promote microvas-
cular injury, organ failure, and death.

A third theoretical mechanism is amplification of
cytokine effects. Plasma cytokine half-lives are typically
very short, seconds to minutes; along with excretion and
receptor consumption (see Fig. 3A), a short half-life is a
needed restraint on these potent molecules.

Cytokine neutralizing monoclonal antibodies (mAb)
have been developed as pharmaceutical control measures
in several autoimmune diseases. Typically delivered in
molar excess, several therapeutic mAb have successfully
neutralized key cytokines effectively controlling disease
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activity in rheumatic and related disorders. However, for
some cytokine—mAb combinations, at low mAb/cytokine
molar ratios, binding of the mAb to its target cytokine
creates “superagonistic” in vivo cytokine activity as much
as 50- to 100-fold that of the free cytokine [35, 36]. Ago-
nist activity enhancing mAb-cytokine complexes are
reported for interleukin-2 (IL-2), IL-3, IL-4, IL-5, IL-6,
IL-7, IL-15, tumor necrosis factor (TNF), and granulo-
cyte-colony stimulating factor (G-CSF) [35-38].

Interaction of the mAb-cytokine complex with the
cytokine receptor plays a minor role in activity amplifica-
tion. The largest impact on amplification of cytokine ago-
nist activity is attributed to the mAb acting as a carrier
protein or “depot of cytokines”. Binding of the cytokine to
the mADb results in a complex that ‘rescues’ the cytokine
from fast clearance by excretion and receptor consump-
tion; these effects stabilize the cytokine which materially
prolongs its half-life. This cytokine depot gradually des-
orbs or releases cytokine over time providing sustained
activation of target cells. Because the target cells exhibit
non-linear response kinetics, slow desorption of cytokine
from an adsorbent matrix could provide a sustained, low
level of cytokine, that, in the proper context, can drive an
often dramatically amplified agonist effect (see Fig. 3B)
[35, 37, 38].

This cytokine depot mechanism may have played a
role in the lethal effects in septic shock patients of the
tumor necrosis factor receptor:Fc (TNFR:Fc) construct.
TNFR:Fc had been safe and effective in rheumatoid
arthritis patients, but in a randomized controlled trial in
septic shock patients, TNFR:Fc exhibited a dose-related
increase in 28-day mortality. TNFa was detectable in

only 4% of patients at base line but was found in 40% of
treated patients [39]. This suggests material stabilization
and persistence in the patient’s circulation of TNF«a by
TNER:Fc. Reported in 1996, this study may be an early
example of the cytokine depot mechanism resulting in
inadvertent amplification of inflammation with lethal
effects.

Molecular binding characteristics of cytokines to
mADb or to adsorbent matrix, no doubt differ in various
ways. However, if the adsorbent matrix, in some con-
texts, effectively acts as a cytokine depot, then sustained
release, desorption, of adsorbed cytokines may promote
inflammatory organ injury and negative outcomes.

Conclusions

Adsorptive EBP has been used in patients for more than
50 years to treat exogenous poisoning. These toxins are
typically small molecules of <500 Da. In this application,
the paradigm of adsorption, sequestration, and effective
toxin neutralization by the adsorbent medium has been
successful and is generally accepted [40]. However, this
neutralization paradigm may not apply to proteins which
are much larger, and dynamically interactive.

Over the past 20 years, developments in protein inter-
face chemistry and cytokine—-mAb chemistry indicate
that proteins are not necessarily neutralized by bind-
ing to adsorbent matrices or other proteins. Depending
on context and the proteins involved, protein struc-
ture may be stabilized by an adsorbent matrix or car-
rier protein, and its function preserved or amplified. If
these mechanisms became operative in EBP adsorbent
media, then the adsorbent device could become an
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inadvertent bioreactor, promoting inflammatory injury,
and negative outcomes. Similar dynamics may explain
the lethal outcome of the TNFR:Fc trial.

Each of the mechanisms discussed in this paper is
robust, effective, and being actively exploited by the
bioengineering and pharmaceutical industries to deal
with a variety of industrial and medical problems [22,
23, 41]. Thus, the mechanisms themselves, in their
proper contexts, are well established.

The relevance of these mechanisms to adsorptive EBP
is theoretical. However, the recent clinical reports of
adverse outcomes with adsorptive EBP, with relative
increases in mortality of 28 to 242%, means a reevalu-
ation of adsorptive treatments is urgently needed. The
mechanisms discussed herein are offered as plausible
starting points for laboratory and clinical studies of
adsorptive EBP; clearly, this list is not exhaustive. The
goal of this reevaluation is enhanced safety and efficacy
of adsorptive EBP.

Abbreviations

95% Cl: 95% Confidence interval; APACHE II: Acute Physiology and Chronic
Health Evaluation Il; ASMA: Acid sphingomyelinase; cEPC: Circulating endothe-
lial progenitor cells; COVID-19: Coronavirus disease 2019; CPFA: Coupled
plasma filtration and adsorption; EBP: Extracorporeal blood purification; ECMO:
Extracorporeal membrane oxygenation; FIASMA: Functional inhibitors of
ASMA; G-CSF: Granulocyte-colony stimulating factor; GNZ: Granzymes; HR:
Hazard ratio; ICU: Intensive care unit; IL: Interleukin; IM: Inflammatory media-
tors; lalp: Inter-alpha inhibitor proteins; kg: Kilogram; L: Liter; mAb: Monoclonal
antibody; MMP-9: Matrix metalloproteinase-9; OHCA: Out-of-hospital cardiac
arrest; RR: Relative risk; RRT: Renal replacement therapy; TNFR:Fc: Tumor necro-
sis factor receptor:Fc construct; TNFa: Tumor necrosis factor alpha.

Acknowledgements
Figure credit: Kellie Holoski.

Author contributions

JM wrote the main manuscript text and prepared the figures. PL contributed
to the concept and design of the work, and performed critical review and revi-
sion of the text. PH and KC performed critical review and revision of the text.
All authors read and approved the final manuscript.

Funding
No part of this work was supported by outside funding.

Availability of data and materials
No datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

JM holds stock and stock options in SeaStar Medical, Inc.,, Denver, CO, USA. JM
declares no conflict of non-financial interests. PL, PH and KC declare they have
no competing interests.

Page 7 of 8

Author details

'Independent Consultant, Denver, CO, USA. 2Department of Medicine,
Western Michigan University Homer Stryker School of Medicine, Kalama-

200, MI, USA. 3*Medical Director, Donor Alliance, Inc.,, Denver, CO, USA. *ICU
Dept-Brugmann University Hospital, Faculty of Medicine of the ULB University,
Brussels, Belgium. °Department of Medicine, Uniformed Services University,
Bethesda, MD, USA.

Received: 8 June 2022 Accepted: 27 October 2022
Published online: 12 November 2022

References

1. Honore PM, De Bels D, Spapen HD. An update on membranes and car-
tridges for extracorporeal blood purification in sepsis and septic shock.
Curr Opin Crit Care. 2018;24:463-8.

2. Supady A, Weber E, Rieder M, Lother A, Niklaus T, Zahn T, et al. Cytokine
adsorption in patients with severe COVID-19 pneumonia requiring extra-
corporeal membrane oxygenation (CYCOV): a single centre, open-label,
randomised, controlled trial. Lancet Respir Med. 2021;9:755-62.

3. Akin M, Garcheva V, Sieweke J-T, Flierl U, Daum HC, Bauersachs J, et al.
Early use of hemoadsorption in patients after out-of hospital cardiac
arrest—a matched pair analysis. PLoS ONE. 2020. https://doi.org/10.1371/
journal.pone.0241709.

4. Garcia PDW, Hilty MP, Held U, Kleinert EM, Maggiorini M. Cytokine adsorp-
tion in severe, refractory septic shock. Intensive Care Med. 2021. https://
doi.org/10.1007/500134-021-06512-0.

5. Garbero E, Livigni S, Ferrari F, Finazzi S, Langer M, Malacarne P, et al. High
dose coupled plasma filtration and adsorption in septic shock patients
results of the COMPACT-2: a multicentre, adaptive, randomised clinical
trial. Intensive Care Med. 2021:47:1303-11.

6. KohlerT. Does adjunctive hemoadsorption with CytoSorb affect
survival of COVID-19 patients on ECMO? a critical statement. J Crit Care.
2021,66:187-8.

7. Putzu A, Schorer R. Hemoadsorption in critically ill patients with or with-
out COVID-19: a word of caution. J Crit Care. 2021,65:140-1.

8. Ankawi G, Neri M, Zhang J, Breglia A, Ricci Z, Ronco C. Extracorporeal
techniques for the treatment of critically ill patients with sepsis beyond
conventional blood purification therapy: the promises and the pitfalls.
Crit Care. 2018;22:262.

9. Gruda MC, Ruggeberg K-G, O'Sullivan P, Guliashvili T, Scheirer AR, Golo-
bish TC, et al. Broad adsorption of sepsis-related PAMP and DAMP mol-
ecules, mycotoxins, and cytokines from whole blood using CytoSorb®
sorbent porous polymer beads. PLoS ONE. 2018. https://doi.org/10.1371/
journal.pone.0191676.

10. Gimenez-Esparza C, Portillo-Requena C, Colomina-Climent G, Allegue-
Gallego JM, Galindo-Martinez M, Molla-Jimenez D, et al. The premature
closure of ROMPA clinical trial: mortality reduction in septic shock by
plasma adsorption. BMJ Open. 2019;9:e030139.

11. Poole D, D'Arrigo S. Coupled plasma filtration and adsorption for the
treatment of septic shock. Intensive Care Med. 2022. https://doi.org/10.
1007/500134-022-06632-1.

12. Koénig C, Rohr AC, Frey OR, Brinkmann A, Roberts JA, Wichmann D, et al.
In vitro removal of anti-infective agents by a novel cytokine adsorbent
system. Int J Artif Organs. 2019;42(2):57-64. https://doi.org/10.1177/
0391398818812601.

13. Schneider AG, Andre P, Scheier J, Schmidt M, Ziervogel H, Buclin T, et al.
Pharmacokinetics of anti-infective agents during CytoSorb hemoadsorp-
tion. Sci Rep. 2021;11:10493.

14. Page M, Cohen S, Ber C-E, Allaouchiche B, Kellum JA, Rimmele T. In vivo
antibiotic removal during coupled plasma filtration adsorption: a retro-
spective study. ASAIO J. 2014,60:70-5.

15. Biever P, Staudacher DL, Sommer MJ, Triebel H, Neukamm MA, Bode
C, et al. Hemoadsorption eliminates remdesivir from the circulation:
Implications for the treatment of COVID-19. Pharmacol Res Perspect.
2021;9:e00743.

16. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of Covid-19—final report. N Engl J Med.
2020;383:1813-26.


https://doi.org/10.1371/journal.pone.0241709
https://doi.org/10.1371/journal.pone.0241709
https://doi.org/10.1007/s00134-021-06512·0
https://doi.org/10.1007/s00134-021-06512·0
https://doi.org/10.1371/journal.pone.0191676
https://doi.org/10.1371/journal.pone.0191676
https://doi.org/10.1007/s00134-022-06632-1
https://doi.org/10.1007/s00134-022-06632-1
https://doi.org/10.1177/0391398818812601
https://doi.org/10.1177/0391398818812601

Matson et al. Annals of Intensive Care (2022) 12:105

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

Diab M, LehmannT, Bothe W, Akhyari P, Platzer S, Wendt D, et al. Cytokine
hemoadsorption during cardiac surgery versus standard surgical care for
infective endocarditis (REMOVE): results from a multicenter randomized
controlled trial. Circulation. 2022;145:959-68.

Stockmann H, Thelen P, Stroben F, Pigorsch M, Keller T, Krannich A, et al.
CytoSorb rescue for COVID-19 patients with vasoplegic shock and multi-
ple organ failure: a prospective, open-label, randomized controlled pilot
study. Crit Care Med. 2022;50:964-76.

Baghela A, Pena OM, Lee AH, Baquir B, Falsafi R, An A, et al. Predicting
sepsis severity at first clinical presentation: the role of endotypes and
mechanistic signatures. EBioMedicine. 2022;75:103776. https://doi.org/10.
1016/j.ebiom.2021.103776.

Wong HR, Atkinson SJ, Cvijanovich NZ, Annas N, Allen GL, Thomas NJ,

et al. Combining prognostic and predictive enrichment strategies to
identify children with septic shock responsive to corticosteroids. Crit Care
Med. 2016;44:21000-3.

Osuchowski MF, Connett J, Welch K, Granger J, Remmick DG. Stratification
is the key: Inflammatory biomarkers accurately direct immunomodula-
tory therapy in experimental sepsis. Crit Care Med. 2009;37:1567-73.
Balcao VM, Vila MMDC. Structural and functional stabilization of protein
entities: state-of-the-art. Adv Drug Deliv Rev. 2015;93:25-41.

Sheldon RA, van Pelt S. Enzyme immobilisation in biocatalysis: why, what
and how. Chem Soc Rev. 2013;42:6223-35.

Abusukhun M, Winkler MS, Pohlmann S, Moerer O, Meissneer K, Tampe
B, et al. Activation of sphingomyelinase-ceramide-pathway in COVID-

19 purposes its inhibition for therapeutic strategies. Front Immunol.
2021;12:784989.

Claus RA, Bunck AC, Bockmeyer CL, Brunkhorst FM, Losche W, Kinscherf R,
et al. Role of increased sphingomyelinase activity in apoptosis and organ
failure of patients with severe sepsis. FASEB J. 2005. https://doi.org/10.
1096/f).04-2842fje.

Peng H, Li C, Kadow S, Henry BD, Steinmann J, Becker KA, et al. Acid
sphingomyelinase inhibition protects mice from lung edema and lethal
staphylococcus aureus sepsis. J Mol Med. 2015;93:675-89.

Adams C, Icheva V, Deppisch C, Lauer J, Herrmann G, Graepler-Mainka U,
et al. Long-term pulmonal therapy of cystic fibrosis-patients with amitrip-
tyline. Cell Physiol Biochem. 2016;39:565-72.

Wensink AC, Hack CE, Bovenschen N. Granzymes regulate proinflamma-
tory cytokine responses. J Immunol. 2015;194:491-7.

Lim Y-P, Bendelja K, Opal SM, Siryaporn E, Hixson DC, Palardy JE. Correla-
tion between mortality and the levels of inter-alpha inhibitors in the
plasma of patients with severe sepsis. J Infect Dis. 2003;188:919-26.

Van den Steen PE, Proost P, Wuyts A, Damme JV, Opdenakker G. Neu-
trophil gelatinase B potentiates interleukin-8 tenfold by aminoterminal
processing, whereas it degrades CTAP-Ill, PF-4, and GROa and leaves
RANTES and MCP-2 intact. Blood. 2000,96:2673-81.

Hoffmann U, Borggrefe M, Bertsch T. Matrix-metalloproteinases and their
inhibitors are elevated in severe sepsis: prognostic value of TIMP-1 in
severe sepsis. Scand J Infect Dis. 2006,38:867-72.

Lorente L, Martin MM, Labarta L, Diaz C, Sole-Violan J, Blanquer J, et al.
Matrix metalloproteinase-9, -10, and tissue inhibitor of matrix metallopro-
teinases-1 blood levels as biomarkers of severity and mortality in sepsis.
Crit Care. 2009;13:R158.

Hristov M, Erl W, Weber PC. Endothelial progenitor cells mobilization, dif-
ferentiation, and homing. Arterioscler Thromb Vasc Biol. 2003;23:1185-9.
Rafat N, Hanusch C, Brinkkoetter PT, Schulte J, Brade J, Zijlstra JG, et al.
Increased circulating endothelial progenitor cells in septic patients: cor-
relation with survival. Crit Care Med. 2007;35:1677-84.

Boyman O, Ramsey C, Kim DM, Sprent J, Surh CD. IL-7/Anti-IL.-7 mAb
complexes restore t cell development and induce homeostatic t cell
expansion without lymphopenia. J Immunol. 2008;180:7265-75.

Phelan JD, Orekov T, Finkelman FD. Cutting edge: mechanism of
enhancement of in vivo cytokine effects by anti-cytokine monoclonal
antibodies. J Immunol. 2008;180:44-8.

Martin CE, van Leeuwen EMM, Im SJ, Roopenian DC, Sung Y-C, Surh

CD. IL-7/anti-IL-7 mAb complexes augment cytokine potency in mice
through association with IgG-Fc and by competition with IL-7R. Blood.
2013;121:4484-92.

Shulgin B, Helmlinger G, Kosinsky Y. A Generic mechanism for enhanced
cytokine signaling via cytokine-neutralizing antibodies. PLoS ONE. 2016.
https://doi.org/10.1371/journal.pone.0149154.

Page 8 of 8

39. Fisher CJ, Agosti JM, Opal SM, Lowry SF, Balk RA, Sadoff JC, et al. Treat-
ment of septic shock with the tumor necrosis factor receptor: Fc fusion
protein. N Engl J Med. 1996;334:1697-702.

40. Ghannoum M, Bouchard J, Nolin TD, Ouellet G, Roberts DM. Hemoperfu-
sion for the treatment of poisoning: technology, determinants of poison
clearance, and application in clinical practice. Sem Dial. 2014. https://doi.
org/10.1111/sdi.12246.

41. Devine PN, Howard RM, Kumar R, Thompson MP, Truppo MD, Turner NJ.
Extending the application of biocatalysis to meet the challenges of drug
development. Nat Rev Chem. 2018;2:409-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.ebiom.2021.103776
https://doi.org/10.1016/j.ebiom.2021.103776
https://doi.org/10.1096/fj.04-2842fje
https://doi.org/10.1096/fj.04-2842fje
https://doi.org/10.1371/journal.pone.0149154
https://doi.org/10.1111/sdi.12246
https://doi.org/10.1111/sdi.12246

	Adverse outcomes with extracorporeal adsorbent blood treatments in toxic systemic inflammation: a perspective on possible mechanisms
	Abstract 
	Background: 
	Perspective and conclusion: 

	Background
	Recent evidence
	Conflicting evidence and possible resolution
	Theoretical mechanisms of adsorbent injury in toxic systemic inflammation

	Conclusions
	Acknowledgements
	References




