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Abstract: Increased mortality has been observed in patients who develop acute kidney injury (AKI)
in the setting of coronavirus disease 2019 (COVID-19), which has led to the approval of extracor-
poreal kidney support by the FDA. We analyzed the existing literature to compare the efficacy and
therapeutic benefits of various extracorporeal modalities for the oXiris membranes and CytoSorb
cartridge in high-flow continuous kidney replacement therapy (HFCKRT). AKI due to COVID-19 is
mediated by a state of systemic inflammation (cytokine storm syndrome), leading to multiple organ
dysfunction. Although there is no consensus on a protocol for providing kidney support therapy,
clinically oriented studies have shown the capacities of oXiris and CytoSorb filters to effectively filter
out pro-inflammatory components, leading to improved clinical outcomes in critically ill patients.
In this review, we study the development of cytokine storm syndrome, important clinical evidence
regarding the roles of various adsorption techniques in kidney support therapy in this setting, and a
protocol influenced by FDA recommendations for oXiris and CytoSorb membranes.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coron-
avirus, first identified in December 2019 as the cause of a respiratory illness named coron-
avirus disease 2019 (COVID-19) [1]. Various therapies (remdesivir, hydroxychloroquine,
azithromycin and lopinavir/ritonavir) have been utilized with limited efficacy, and the
current focus is on vaccination and preventative measures for COVID-19 over traditional
anti-viral treatments. Immunity through convalescent serum and vaccination is still at an
experimental stage [2].

COVID-19 has had a severe impact on the overall population, with a total of 349 million
global cases and a mortality rate of approximately 1.60% (~5.6 million individuals) (John
Hopkins Coronavirus Tracker) as of 24 January 2022. Additionally, COVID infection tends
to be more severe in patients with chronic diseases and organ dysfunctions, especially
kidney dysfunctions. According to a systematic review by Chen et al., the mortality rate of
COVID-19 patients with AKI was found to be 76.5% [3]. Although there is no consensus
for attenuating AKI with COVID-19, supportive treatments utilizing continuous kidney
replacement therapy (CKRT) with incorporation of devices such as oXiris and CytoSorb
have been authorized by the FDA [4–7]. Therefore, this literature review discusses the
research available on the use of various CKRT modes in the COVID-19 population with
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AKI, with the goal of establishing a comparison of the therapeutic benefits, safety, efficacy
and associations with clinical outcomes for high-flow CKRT, oXiris and CytoSorb. In the
absence of extensive head-to-head clinical trial data, we leverage several statistical methods
to conduct indirect comparisons between various extracorporeal modalities.

2. Incidence

The first case in the United States (US) was detected in January 2020, with the CDC
reporting over 31 million cases and 562,296 COVID-19-associated deaths in the US at the
time of writing [5,6]. COVID-19 has demonstrated a wide variability in the severity of
symptomatic presentation. Individuals may present with symptoms such as cough, fever,
loss of smell and taste and/or septic shock leading to AKI and multiple organ failure.
Frequency of kidney disease in COVID-19 is negligible; however, AKI among critically
ill patients with COVID-19 has an incidence that ranges from 3–23% [8]. In a systematic
review by Fabrizi et al., the authors showed that the comorbidities of age and arterial
hypertension are correlated with the occurrence of AKI [6]. Other risk factors contributing
to AKI include hypovolemia, use of nephrotoxic medications and contrast media [9].

3. Pathophysiology

Envelope-embedded spike proteins on the virus allow for attachment to angiotensin-
converting enzyme-2 (ACE 2) receptors on target cells [8]. Transmembrane protease, serine
2 (TMPRSS2) uses endosomal cathepsin L to fuse the virion with the endothelial mem-
brane to enter the cell. Afterwards, the injected replicase transcribes viral mRNA to create
pathogenic structural proteins using host-derived ribosomes. Pathogenic proteins then com-
bine with viral RNA to produce a replicated virus, leaving the cell through exocytosis [10].
ACE 2 receptors and TMPRSS2 are both found in high concentrations in alveolar epithelial
cells, supporting the conceptual framework that suggests that the respiratory system acts
as the gateway to the body [11]. Endothelial barrier disruption, dysfunctional alveolar-
capillary oxygen transmission and impaired oxygen diffusion capacity are characteristic
features of COVID-19 [12].

The host response to COVID-19 includes standard anti-viral inflammation driven by in-
nate and adaptive immunity, which leads to the clinical findings of impaired lymphopoiesis
and lymphocyte apoptosis [13]. In the autopsy report by Xu et al., severe infection leads to
diffuse thickening of the alveolar wall with immune cell infiltrates and edema, resulting in
bilateral, patchy, ground-glass opacities in CT imaging [14]. Additionally, multiple organ
biopsies showed diffuse intravascular coagulation and lymphopenia [11].

4. Cytokine Storm Syndrome

The link between the pathophysiology of COVID-19 and systemic infection is cytokine
storms: hyperinflammation due to proinflammatory cytokines and chemokines leading to
multiple organ failure [15] and AKI (Table 1, Figure 1).
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Table 1. Interleukins (ILs) and other cytokines implicated in cytokine storm syndrome.

Cytokines Origin Function

IL-1 Macrophages
Induces fever, acute inflammation, T-cell stimulation
Induces chemokine secretion for leukocyte recruitment
Activates endothelium through adhesion molecule expression

IL-2 T-cells Stimulates T cells (regulatory, cytotoxic, killer) and NK cells

IL-6 Multiple cells Stimulates acute-phase protein production

IL-10 Multiple cells Attenuates inflammation: decreases MHC class II expression and Th1 cytokines;
selectively inhibits macrophages and dendritic cells

IL-18 Adrenal gland, osteoblasts Released by adrenal gland during periods of stress
Osteoblast-derived form results in suppressed osteoclast development

IL-33 Lung epithelial cells Innate and adaptive immune response
Interacts with immune cells causing airway inflammation, tissue remodeling [16]

GM-CSF
Macrophages
Fibroblasts
T cells

Activates macrophages and induces myeloid cell-line differentiation

TGF-β Abundant cells
Angiogenesis
Fibroblast proliferation plus collagen synthesis
Inhibits pro-inflammatory cytokines

IFN-α
Infected cells
Plasmacytoid Dendritic
cells

Innately immune against viral infections; activates ribonuclease and destroys
viral mRNA
Adjunctive treatment in Kaposi sarcoma, chronic hepatitis B and C

IFN-γ T cells Activates T cells, NK cells and macrophages

CXCL9 Macrophages T-cell trafficking; chemoattracts lymphocytes

CXCL10 Many cells Induces stimulation of NK cells, monocytes and T cells

CCL2 [17] Many cells Chemotaxis for monocytes and basophils
Implicated in respiratory distress syndrome, psoriasis and atherosclerosis

CCL3 Marrow cells Directs stimulation of osteoclast production

CCL5 Eosinophil granules
Basophils Stimulates release of histamine from basophils, activates eosinophils

CXCL, CCL chemokine ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon;
TGF-β, tissue growth factor-β.

Extensive data have shown that interleukin (IL)-6 plays a prominent role in the devel-
opment of cytokine storm syndrome in COVID-19 infection. Several studies suggest that
serum levels of IL-6 can be used as a prognostic tool for disease severity [15,18,19]. Animal
models with inhibited transcription of IL-6 (through IL-1B and TNF-a) exhibit decreased
mortality with SARS-CoV infection [20]. The chemokine CXCL10 has also been consid-
ered a satisfactory prognostic marker for SARS disease progression after extensive vivo
trials [21,22]. CXCL10 and CXCL8 knockout mice demonstrated higher survivability with
the COVID-19 infection, suggesting that these cytokines may play a role in the mechanism
of development of AKI in these patients [23].

Clinical markers of cytokine storm syndrome and macrophage-activation syndrome
(MAS) often include elevated serum ferritin, increased triglycerides, fever, pancytopenia,
coagulopathy, splenomegaly and liver dysfunction [24]. In COVID-19, poor viral clearance
due to production of a double membrane without pattern-recognition receptors decreases
the anti-viral immune response, exacerbating cytokine release [25]. Decreased type 1
interferon activity, traditionally crucial for blocking viral replication cycle, can further
extend the lifetime of viral particles in the host [26]. Barns et al. postulated that neutrophil
extracellular traps (NETs), composed of DNA that physiologically opsonize pathogens,
may induce plasma membrane disruption of epithelial cells, increasing susceptibility to
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COVID-19 [27]. This combination of typical coronavirus immune evasion techniques
further aggravates the cytokine storm in patients with severe COVID-19 infection.

5. AKI and COVID-19

In general, viral infections predispose patients to the risk of AKI. Furthermore, fluid
loss, fever and clinical signs of prerenal azotemia can cause cardiorenal syndrome, lead-
ing to kidney injury [28]. Nephrotoxic medication also contributes to kidney injury. For
example, remdesivir may induce mitochondrial toxicity, leading to accumulated oxalate
nephropathy [29]. Management modalities such as mechanical ventilation and administra-
tion of intravenous fluids also contribute to the development of AKI [30,31]. Glomerular
diseases (membranous nephropathy, minimal change disease, glomerulonephritides) have
been found in kidney biopsies of severely ill patients [31,32].

Sixty percent of AKI cases in COVID-19 are attributed to acute tubular injury, pointing
to the mediation of cytokine storm syndrome as an important pathway for intervention [33].
Native kidney biopsies and autopsies illustrate acute tubular injury in the setting of pro-
longed volume depletion through cytokine-influenced circulatory collapse [34]. MAS
characterized by sustained fever, cytopenia and increased ferritin (associated with hyperin-
flammation; i.e., hemophagocytic lymphohistiocytosis) has been associated with COVID-19
through the interplay of IL-2, IL-6, granulocyte colony stimulating factor (G-CSF), interferon
gamma (IFN-g), macrophage inflammatory protein-1a (MIP-1a) and tumor necrosis factor α
(TNF-α) [35]. Cytokine storms due to COVID-19 can also lead to hypermetabolism-induced
rhabdomyolysis (with increased phosphorus, potassium, uric acid and metabolic acidosis
and lowered serum albumin), which is another potential cause of prerenal azotemia [36].
Hypercoagulation in the form of thrombotic microangiopathy may result in cortical necrosis,
either due to complement activation or sepsis.

6. Extracorporeal Therapy

Renal support for patients with COVID-19 is often provided to address the systemic
inflammatory response syndrome (SIRS). Immune response in sepsis is directed towards
ubiquitous pathogens ranging from pathogen-associated recognition patterns (PAMPs) and
damage-associated recognition patterns (DAMPs) to bacterial cell-wall components [37].
Kidney replacement therapy (KRT) for critically ill COVID-19 patients with AKI may be
used as a potential adjunctive therapy to remove pro-inflammatory mediators with the goal
of reducing mortality rates. Continuous kidney replacement therapy (CKRT) is the therapy
with the most efficacy in the treatment of severely ill COVID-19 patients, removing endotox-
ins and cytokines and normalizing the hemodynamic status of the patient. Different modes
of CKRT can be used in these subsets of patients. The most commonly used modes are
continuous venovenous hemodiafiltration (CVVHDF), continuous venovenous hemodialy-
sis (CVVHD), prolonged intermittent renal replacement therapy (PIRRT), hemoperfusion
(HP) and therapeutic plasma exchange (TPE). According to an ADQI workgroup report,
CVVHDF and CVVHD are the modes of choice to reduce filtration fraction and decrease
clotting risk [38].

7. High-Flow Continuous Kidney Replacement Therapy

High-flow CKRT is designed for critically ill patients, who often cannot tolerate the
rapid changes in fluid and electrolyte shifts. In contrast to dialysis, which is administered
for 3–4 h a day, CKRT is often administered continuously for 24 h a day. CKRT plays a role in
aiding the kidney’s function, helps remove toxins and excess fluid and balances electrolytes.
Sustained low-efficiency dialysis (SLED) is another option if CKRT is unavailable for these
patients and offers a similar therapeutic benefit for patients mildly intolerant of rapid
changes in fluid balances and electrolytes. SLED is performed in sessions of about 6–8 h
duration. Patients with a high blood urea nitrogen-to-creatinine ratio, toxins, fluid overload,
severe electrolyte imbalance, acid/base imbalances, sepsis, rhabdomyolysis, congestive
heart failure and even open-heart surgery may need CKRT. Currently, there are three main
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machines used for CKRT: Prismaflex/Prismax, Aquarius and NxStage. Prismaflex is the
most commonly used, with the newer Prismax slowly replacing them. The machines work
according to the basic principle of drawing blood out of the patient; running it through a
filter, which can be selected based on the outcome desired; and then returning the filtered
blood to the patient. The three most common access points for the catheter placement
include the internal jugular, subclavian and femoral veins [39]. The machine has a blood
pump that serves to create negative pressure to draw blood from the patient and positive
pressure past the pump to return the blood through the filter [40]. The pump is usually set
at 150 to 300 mL/min blood flow. A mechanism is set in place in the circuit after the filter
to stop the blood if air is detected. To pull the plasma fluid out of the patient, dialysate
is pumped in the opposite direction of the blood in the filter. Although this dialysate is
separated by a membrane barrier, the concentration gradient drives the plasma fluid from
the patient’s blood to the dialysate, which pools in an effluent bag. A pre-blood replacement
fluid line is connected to the blood circuit prior to the filter and a post-filter replacement
fluid line is connected to the circuit after the filter to ensure optimal electrolyte and fluid
balance [41]. Different types of blood filters are available and used in KRT depending upon
the desired therapeutic outcome. The choice of the filter depends upon what one is trying
to filter; for removing cytokines, CytoSorb, HCO/MCO and HA330 are used; for removing
endotoxins, Toraymyxin and coupled plasma filtration adsorption (CPFA) are used; for
removing both cytokines and endotoxins, oXiris is used.

8. oXiris

oXiris is a filter device that can remove cytokines and other inflammatory mediators
through its membrane properties. Of the various extracorporeal modalities that exist, the
oXiris membrane is unique in that it removes both cytokines and endotoxins through
ionic interactions. oXiris is made of an acrylonitrile and sodium methallyl sulfonate
copolymer (AN69 copolymer), covered with polyethyleneimine and heparin grafted at a
mean concentration of 4500 + 1500 IU/m2 with a standard deviation of 1500 IU/m2. Each
layer of oXiris plays a certain role in its filtering capabilities. In the innermost layer, the
AN69 copolymer is negatively charged due to the sulfonate, which aids in attracting the
positively charged cytokines to separate them from the blood. The second layer is positively
charged via polyethyleneimine, which aids in attracting the negatively charged endotoxins.
The third layer of heparin addresses the hypercoagulability of the patient and aids in clot
prevention (Table 2). oXiris’s mechanism of action is depicted in Figure 2.

Table 2. Composition of oXiris.

Layer Composition Charge Structure Function

First Polyacrylonitrile copolymer Negative

COVID 2022, 2, FOR PEER REVIEW 6 
 

 

 

Figure 2. oXiris’s mechanism of interaction. 

Table 2. Composition of oXiris. 

Layer Composition Charge Structure Function 

First 
Polyacrylonitrile 

copolymer 
Negative 

 

Absorb cyto-

kines 

Second Polyethyleneimine Positive 

 

Absorb endo-

toxins 

Third Heparin Negative 

 

Decrease sys-

temic thrombo-

genicity 

On 23 April 2020, oXiris was authorized by the FDA for emergency use to treat AKI 

in COVID-19 patients. Per protocol, the oXiris Filter Set should be used only with the Pris-

maflex or Prismax CKRT machines. Additionally, patients must be 18 years or older with 

confirmed COVID-19 and require blood purification to reduce cytokine levels. oXiris is 

contraindicated in patients with a known or speculated allergy to heparin or the AN-69 

filter. ACE inhibitor use is contraindicated due to the probability of anaphylactic reaction 

when they are used with AN-69 filter. While the patient is receiving CKRT therapy with 

oXiris, inflammatory markers should be monitored (Table 3). 

Absorb cytokines

Second Polyethyleneimine Positive

COVID 2022, 2, FOR PEER REVIEW 6 
 

 

 

Figure 2. oXiris’s mechanism of interaction. 

Table 2. Composition of oXiris. 

Layer Composition Charge Structure Function 

First 
Polyacrylonitrile 

copolymer 
Negative 

 

Absorb cyto-

kines 

Second Polyethyleneimine Positive 

 

Absorb endo-

toxins 

Third Heparin Negative 

 

Decrease sys-

temic thrombo-

genicity 

On 23 April 2020, oXiris was authorized by the FDA for emergency use to treat AKI 

in COVID-19 patients. Per protocol, the oXiris Filter Set should be used only with the Pris-

maflex or Prismax CKRT machines. Additionally, patients must be 18 years or older with 

confirmed COVID-19 and require blood purification to reduce cytokine levels. oXiris is 

contraindicated in patients with a known or speculated allergy to heparin or the AN-69 

filter. ACE inhibitor use is contraindicated due to the probability of anaphylactic reaction 

when they are used with AN-69 filter. While the patient is receiving CKRT therapy with 

oXiris, inflammatory markers should be monitored (Table 3). 

Absorb endotoxins

Third Heparin Negative

COVID 2022, 2, FOR PEER REVIEW 6 
 

 

 

Figure 2. oXiris’s mechanism of interaction. 

Table 2. Composition of oXiris. 

Layer Composition Charge Structure Function 

First 
Polyacrylonitrile 

copolymer 
Negative 

 

Absorb cyto-

kines 

Second Polyethyleneimine Positive 

 

Absorb endo-

toxins 

Third Heparin Negative 

 

Decrease sys-

temic thrombo-

genicity 

On 23 April 2020, oXiris was authorized by the FDA for emergency use to treat AKI 

in COVID-19 patients. Per protocol, the oXiris Filter Set should be used only with the Pris-

maflex or Prismax CKRT machines. Additionally, patients must be 18 years or older with 

confirmed COVID-19 and require blood purification to reduce cytokine levels. oXiris is 

contraindicated in patients with a known or speculated allergy to heparin or the AN-69 

filter. ACE inhibitor use is contraindicated due to the probability of anaphylactic reaction 

when they are used with AN-69 filter. While the patient is receiving CKRT therapy with 

oXiris, inflammatory markers should be monitored (Table 3). 

Decrease systemic
thrombogenicity



COVID 2022, 2 1219COVID 2022, 2, FOR PEER REVIEW 6 
 

 

 

Figure 2. oXiris’s mechanism of interaction. 

Table 2. Composition of oXiris. 

Layer Composition Charge Structure Function 

First 
Polyacrylonitrile 

copolymer 
Negative 

 

Absorb cyto-

kines 

Second Polyethyleneimine Positive 

 

Absorb endo-

toxins 

Third Heparin Negative 

 

Decrease sys-

temic thrombo-

genicity 

On 23 April 2020, oXiris was authorized by the FDA for emergency use to treat AKI 

in COVID-19 patients. Per protocol, the oXiris Filter Set should be used only with the Pris-

maflex or Prismax CKRT machines. Additionally, patients must be 18 years or older with 

confirmed COVID-19 and require blood purification to reduce cytokine levels. oXiris is 

contraindicated in patients with a known or speculated allergy to heparin or the AN-69 

filter. ACE inhibitor use is contraindicated due to the probability of anaphylactic reaction 

when they are used with AN-69 filter. While the patient is receiving CKRT therapy with 

oXiris, inflammatory markers should be monitored (Table 3). 

Figure 2. oXiris’s mechanism of interaction.

On 23 April 2020, oXiris was authorized by the FDA for emergency use to treat AKI
in COVID-19 patients. Per protocol, the oXiris Filter Set should be used only with the
Prismaflex or Prismax CKRT machines. Additionally, patients must be 18 years or older
with confirmed COVID-19 and require blood purification to reduce cytokine levels. oXiris
is contraindicated in patients with a known or speculated allergy to heparin or the AN-69
filter. ACE inhibitor use is contraindicated due to the probability of anaphylactic reaction
when they are used with AN-69 filter. While the patient is receiving CKRT therapy with
oXiris, inflammatory markers should be monitored (Table 3).

Table 3. oXiris Filter Set indications and contraindications.

Emergency Use
Authorization for the
United States

oXiris Set Was Authorized by the FDA for Treatment of Patients with COVID-19 Infection in
April of 2020

Intended Use

oXiris Set is indicated for use for patients meeting all the following criteria:

• COVID-19-positive
• 18 years of age or older
• admitted to the ICU
• confirmed or high risk of respiratory failure
• requirement of blood purification, including use in continuous renal replacement therapy

(CRRT), to reduce pro-inflammatory cytokines

With any one of the following conditions:

• early acute lung injury (ALI)/early acute respiratory distress syndrome (ARDS)
• severe disease, defined as:

# dyspnea
# respiratory rate ≥30/min,
# blood oxygen saturation ≤93%,
# partial pressure of arterial oxygen to fraction of inspired oxygen ratio <300
# lung infiltrates >50% within 24 to 48 h

• life-threatening disease, defined as:

# respiratory failure
# septic shock
# multiple organ dysfunction or failure
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Table 3. Cont.

Emergency Use
Authorization for the
United States

oXiris Set Was Authorized by the FDA for Treatment of Patients with COVID-19 Infection in
April of 2020

Indicated dialysis machine For use only with the Prismaflex control unit or with the Prismax control unit

Indicated venovenous
therapies

For use in slow continuous ultrafiltration (SCUF), continuous venovenous hemofiltration
(CVVH), continuous venovenous hemodialysis (CVVHD), continuous venovenous
hemodiafiltration (CVVHDF)

Absolute contraindications

• type II thrombocytopenia allergy caused by heparin (HIT syndrome type II)
• contraindicated medications with oXiris Set or CRRT per its instructions for use

(ACE inhibitors)

Relative contraindications

• history of hypersensitivity to oXiris Set components
• lack of safe vascular access
• severe hemodynamic instability

Special considerations

• general physical state, size, weight, uremic considerations and cardiac function of the
patient must be carefully evaluated before initiation of therapy

• in case of external blood leakage, immediately stop the blood pump and secure connections
or replace oXiris Set before reinitiating

• should acute allergic reactions occur within the first few minutes of the treatment,
immediately stop treatment and administer appropriate intervention

• oXiris Set is restricted to patients with a body weight greater than 30 kg (66lb)
• oXiris Set should avoid blood flow rates lower than recommended minimum values

(100 mL/min) as they increase risk of poor filter performance and hypercoagulation
• Administered medications must be adjusted for patients on CKRT, with careful monitoring

of blood drug levels
• Use of heparinized rinsing solution is recommended to increase life span of the oXiris Set

In a series of three patients, Padala et al. found that CVVHDF with oXiris filter
removed inflammatory markers and cytokines in patients with AKI [40]. Additionally, a
prospective case-controlled study in Hong Kong analyzed the application of an endotoxin
and cytokine adsorption hemofilter in seven patients with septicemia-associated AKI [41].
The authors support the use of CVVHD and a hemofilter with endotoxin- and cytotoxin-
adsorptive capacity in AKI patients over the use of CVVH with a Gambro AK200 Ultra S
and a polysulfone high-flux hemofilter. Furthermore, Shum et al. calculated a significantly
lower sequential organ failure assessment (SOFA) score by 37% in six patients treated with
CVVHDF and oXiris compared to historical controls treated with CVVH [42]. In a study on
16 patients requiring CKRT for septic shock-associated AKI, Broman et al. highlighted the
ability of the oXiris filter to effectively remove endotoxins and IL-6. Seven of nine patients
had decreased endotoxin levels on oXiris while only one of six showed similar results
on a standard filter [43]. Ma et al. reported similar findings in three critically ill COVID-
19 patients treated with plasma exchange and oXiris [44]. A multicenter retrospective
study showed that use of the oXiris hemofilter in patients with the most severe cases of
AKI resulted in better survival than predicted by SOFA scores [45,46]. Additional studies
support these same findings. A retrospective study conducted from September 2017 to June
2020 assessed SOFA scores, inflammatory markers and mortality in 70 septic shock patients
with AKI treated with oXiris. oXiris-treated patients were shown to have a lower early
mortality (47.1 vs. 74.2%) when compared to those treated with an ST150 hemofilter. The
oXiris treatment group also resulted in a quicker reduction in SOFA scores at 24, 48 and 72 h
marks and a greater decrease in inflammatory markers, such as procalcitonin [47]. This was
especially true in a study with 76 patients in septic shock, where the use of oXiris–CVVH
demonstrated a 50% decrease in NE demand in 72 h compared to a 25% decrease for the
AN69–CVVH control. Additionally, there was a decreased 28 day mortality (47% vs. 73.3%)
when using oXiris [48].
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In another study, the use of the oXiris Set with CVVH in patients with septic AKI was
associated with a greater drop in SOFA score after 48 h compared to control; no significant
differences were seen in vasopressor dose, length of hospital stay or mortality [49]. In
a larger recent study on 60 septic patients, CKRT with the oXiris Set led researchers to
highlight the safety of oXiris and its clinical benefits, including reduced noradrenaline
need and reduced endotoxin and cytokines levels [50]. These studies are summarized
in Table 4. Furthermore, oXiris has been shown to be useful in the early treatment of
abdominal septic shock. CRRT with oXiris performed for 80 h with a 50 year old male
with septic shock resulted in a decreased SOFA score from 15 to 11, while blood lactate
decreased from 12.5 mmol/L to 4.2 mmol/L and procalcitonin decreased from >100 ng/mL
to 14.52 ng/mL [51]. While many case reports and cohort studies seem to suggest the
usefulness of oXiris, large, double-blinded, placebo-controlled randomized studies are
needed to fully validate and support the use of oXiris.

Table 4. Summary of recent oXiris trials.

Trial Population N Duration Intervention Major Findings Date

Padala [39]

Critically ill
COVID-19;

respiratory failure
and septic shock

3 72 h oXiris® hemofilter
CVVHDF

oXiris® filter significantly
decreased CRP, IL-6 and

D-dimer levels
No side effects of oXiris® filter

25 June 2020

Hong Kong [41] Gram-negative
sepsis with AKI 7 61 (35–72) h oXiris® hemofilter

CVVHDF

Sequential organ failure
assessment score reduced by

37% at 48 h following
oXiris–CVVHDF vs. 3%

increase in historical controls

October 2011 to
June 2012

Broman [42]

Septic
shock-associated

AKI with
endotoxin levels >

0.03 EU/mL

16 24 h
CKRT with an

oXiris filter or with
a standard filter

Endotoxin concentration
decreased more in oXiris vs.
standard filter group at 3, 8
and 16 h (p = 0.02, 0.02 and

0.05, respectively)
First treatment: endotoxin

levels decreased in 7/9 (77.8%)
with oXiris vs. 1/6 (16.7%)
with standard filter group

(p = 0.02)
Levels of TNF-α, IL-6, IL-8
and IFN-γ decreased more

with oXiris filter

6 March 2019

Ma [43]
Critically ill

patients with
COVID-19

3 3 months CKRT with oXiris
filter

Reduced CRP and IL-6 in six
days in one patient;

normalized cytokines in two
days in another

January–March
2020

Schwindenhammer
[44]

Septic shock;
hospitalized

in ICU
31 17 h (5–54) CKRT with oXiris

filter

88% relative decrease in
median norepinephrine dose

Survival benefit for
most patients

December
2014–January

2019

Zhang [19]
COVID-19

patients; CRRT
in Henan

5 - -
Reduced level of

overexpressed cytokines and
improved organ function

January 2019 to
March 2020

Raina [8]

COVID-19
patient; AKI class

III, ARDS
admitted to ICU

1 72 h oXiris filter
HF-CVVHDF

Patient improved clinically
with decreasing D-dimer, IL-6

and CRP
-

AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; CKRT, continuous kidney replacement
therapy; CRP, C-reactive protein; CVVHDF, continuous venovenous hemodiafiltration; ICU, intensive care unit;
IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.

9. CytoSorb

CytoSorb is a filter device consisting of absorbent polymer beads that can remove
cytokines and other inflammatory mediators. Unlike oXiris, CytoSorb uses hydrophobic
interactions to remove cytokines. On 10 April 2020, CytoSorb was authorized by the FDA
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for emergency use to reduce pro-inflammatory cytokine levels in patients 18 years of age or
older with confirmed COVID-19 in the intensive care unit with respiratory failure (Table 5).
Per protocol, CytoSorb is used in a blood pump circuit in a venovenous configuration only.
The blood flow rate should be set at 150–500 mL/min and is intended to be changed every
24 h, with the exception of the first day, when it must be changed every 12 h [52]. CytoSorb is
contraindicated for patients with platelet counts less than 20,000/µL. Any known allergies
to extracorporeal circuit components or heparin-induced thrombocytopenia should be
assessed. Morbid obesity with BMI ≥ 40 kg/m2 and pregnancy are also contraindicated
for CytoSorb therapy. While the patient is receiving CKRT, inflammatory markers should
be routinely assessed and the extracorporeal circuit should be monitored to prevent blood
leaks. An important consideration with CytoSorb is that hydrophobic drugs should be
filtered out as well, so dosages of these drugs may have to be adjusted.

Table 5. CytoSorb indications and contraindications.

Emergency Use
Authorization for the

United States

CytoSorb Set Was Authorized by FDA for Treatment of Patients with COVID-19 Infection
in April of 2020

Intended use

CytoSorb Set is indicated for use for patients with all the following criteria:

• COVID-19-positive patients
• 18 years of age or older
• admitted to the ICU
• confirmed or high risk of respiratory failure
• requirement of blood purification, including for use in CRRT, to reduce circulating

pro-inflammatory mediators

With any one of the following conditions:

• early acute lung injury (ALI) or early acute respiratory distress syndrome (ARDS)
• severe disease, defined as:

# dyspnea
# respiratory rate ≥30/min,
# blood oxygen saturation ≤93%,
# partial pressure of arterial oxygen to fraction of inspired oxygen ratio <300
# lung infiltrates >50% within 24 to 48 h

• life-threatening disease, defined as:

# respiratory failure
# septic shock
# multiple organ dysfunction or failure

Indicated therapies

CytoSorb Set for use in hemoperfusion configuration, venovenous configurations with CKRT slow
continuous ultrafiltration (SCUF), continuous venovenous hemofiltration (CVVH), continuous
venovenous hemodialysis (CVVHD), continuous venovenous hemodiafiltration (CVVHDF) and
venoarterial extracorporeal membrane oxygenation (VA-ECMO) in a blood pump circuit

Absolute contraindications

Patients with:

• very low platelet counts (<20,000/µL)
• known hypersensitivity to CytoSorb Set components
• history of heparin-induced thrombocytopenia
• acute sickle cell crisis
• morbid obesity (BMI ≥ 40 kg/m2)
• pregnancy

Relative contraindications

• contraindicated medications with CytoSorb Set or CKRT instructions for use (corticosteroid use)
• lack of safe vascular access
• severely immunocompromised patients
• severe hemodynamic compromise
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Table 5. Cont.

Emergency Use
Authorization for the

United States

CytoSorb Set Was Authorized by FDA for Treatment of Patients with COVID-19 Infection
in April of 2020

Side effects

• arrhythmia
• risks related to anticoagulation
• blood loss
• change in body temperature
• thrombosis
• muscle cramping
• air embolism
• headache
• infection
• nausea
• hemolysis
• vomiting
• thrombocytopenia, leukopenia
• fever
• unintended removal of other blood substances (vitamins, proteins, medications)
• pruritus

Special considerations

• General physical state, size, weight, uremic considerations and cardiac function of the patient
must be carefully evaluated before initiation of therapy

• In case of external blood leakage, immediately stop the blood pump and secure connections or
replace CytoSorb Set before reinitiating

• Should acute allergic reactions occur within the first few minutes of the treatment, immediately
stop treatment and administer appropriate intervention

• CytoSorb Set is administered to patients for a maximum of 24 h

# day 1: change device every 12 h
# day 2: change device at 24 h
# day 3: change device at 24 h

• CytoSorb Set should be clinically assessed for beneficial effect after 72 h for continuation of
therapy

• Blood flow rates: minimum 100 mL/min; maximum 700 mL/min
• Administered medications must be adjusted; monitoring of drug levels, as hydrophobic drugs

may be removed by the device

The first study to test the effectiveness and potential risks of CytoSorb use in 20 pa-
tients with septic shock found that therapy was safe. CytoSorb was beneficial in reducing
norepinephrine needs and blood levels of procalcitonin and endothelin-1 when compared
to controls [16]. A randomized, controlled, open-label trial on critically ill patients with
septic shock and acute respiratory distress syndrome showed that CytoSorb, when used
for 1 hr/day for 7 days, enabled significantly higher removal of IL-6 compared to con-
trols without affecting plasma levels [53]. This study set the stage for future research to
investigate the safety of the device and test clinical outcomes, such as mortality [17]. Other
studies have also looked at the utility of CytoSorb therapy, with satisfactory results [54,55].
However, several other studies have not shown such satisfactory outcomes with the use of
CytoSorb. A randomized trial [56] and a systematic review [57] found insufficient evidence
to support a beneficial effect of CytoSorb on patient outcomes. Schadler et al. did not
find that CytoSorb achieved a significant reduction in plasma levels of IL-6 (compared to
conventional management), which may be necessary for improving patient outcomes. A
single-center RCT by Supady et al. demonstrated an adverse effect of employing CytoSorb
on medium-term patient survival [58,59]. While some reports suggest a potential benefit of
CytoSorb, further research in the form of double-blind, placebo-controlled trials is needed
to establish the benefits of this therapy.
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10. Other Modalities

Reports on the use of hemoperfusion with microporous resin cartridge devices, such
as the Jafron, have recently been published, showing improved survival in various condi-
tions, such as sepsis. These sets of adsorption cartridges are the HA resin hemoperfusion
cartridges initially labeled HA130, HA230 and HA330. While the efficacy of their use
requires more research, studies into their main clinical applications are documented. These
cartridges can vary in resin pore size to allow for removal of substances with various
molecular weights, such as protein-bound uremic toxins, hydrophobic substances, free
hemoglobin and cytokines [57]. Each cartridge with a different pore size is best used in cer-
tain scenarios, with HA130 (pore size 500 Da–40 kDa) being used best for chronic conditions
and HA330 (500 Da–60 kDa) being used best for acute inflammatory conditions [58]. HA330
was initially studied in septic patients with acute lung injury, and it resulted in decreased
overall pro-inflammatory cytokines, improved oxygenation, attenuated lung injury and
decreased length of ICU stay. An alternative study assessing the use of the cartridge in
extra-pulmonary sepsis showed statistically significant reduced levels of IL-1 and TNF-α
in bronchoalveolar lavage and plasma, ultimately improving the patient’s hemodynamics
and reducing the duration of mechanical ventilation required by three days [59].

Zhou et al. also showed the benefit of blood purification in improving sepsis mortality
rates using polymyxin B in Japan as part of the EUPHAS trial, with noted benefits for
both hemodynamic and respiratory parameters [59]. These results, however, were not
replicated in the ABDOMIX trials with the commercial Toraymyxin product and with
CytoSorb [60,61]. A recent in vitro examination showed statistically significant removal of
cytokines by oXiris and CytoSorb compared to Toraymyxin [62].

11. Supporting Studies

Patients with severe COVID-19 appear to have greater elevations in IL-6 and C-reactive
protein levels than those with moderate COVID-19. The excessive IL-1/IL-6 response to
infection with the SARS-CoV-2 virus appears to contribute to patient symptomology and
outcomes. Elevated levels of IL-6 have been reported to predict the occurrence of acute
respiratory distress syndrome and mortality in patients with COVID-19 [38,63–66]. Behind
other strategies, application of the newly developed technology for extracorporeal blood
purification (EBP) might enhance the adequacy of renal support therapies in COVID-19.
Inflammatory cytokines, DAMPs and PAMPs, including endotoxins and SARS-CoV-2
particles, are possible contributors to multiple organ failure and mortality in critically ill
COVID-19 patients. EBP techniques have been shown to remove cytokines, DAMPs and
PAMPS, such as endotoxins and circulating viral particles. Hemoperfusion, therapeutic
plasma exchange and CRRT with surface-modified AN69 or PMMA membranes, as well as
MCO or HCO membranes, are techniques potentially applicable in removing circulating
molecules implicated in the pathophysiology of COVID-19 [38].

Critically ill patients with COVID-19 presenting with systemic inflammation and
organ dysfunction may benefit from immunomodulation and RRT. EBP has been shown
to mediate immunomodulation in patients with a maladaptive inflammatory response. A
strong pathophysiologic rationale thus supports the use of EBP in COVID-19. In particular,
EBP may attenuate systemic inflammation, helping to prevent or mitigate multiple organ
dysfunction. Moreover, EBP with the oXiris Filter Set was shown to be technically feasible
and not associated with major adverse events. Nevertheless, future randomized trials are
certainly required to demonstrate the clinical effects of EBP in COVID-19 [5].

12. Conclusions

In conclusion, COVID-19 is an emerging respiratory virus that has severely challenged
health care systems around the world. Extracorporeal therapies, as approved by the FDA,
have been shown to improve clinical outcomes in critically ill COVID-19 patients requiring
ventilatory support in single-center studies. The oXiris filter device removes both cytokines
and endotoxins through ionic interactions with its membrane composition, while CytoSorb
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uses hydrophobic polymer beads to remove cytokines and other inflammatory mediators.
Ongoing clinical trials demonstrate the theoretical and clinical importance of extracorporeal
therapies to improving health outcomes while highlighting the continued need for solid
evidence. Further evaluation of the efficacy of various modalities, with a focus on oXiris
and CytoSorb HA, is pivotal for establishing generalizable supportive treatments for AKI
in the setting of COVID-19.
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