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Abstract

Acute and chronic solid organ failures are costly disease
processes with high mortality rates. Inflammation plays a
central role in both acute and chronic organ failure, includ-
ing heart, lung and kidney. In this regard, new therapies for
these disorders have focused on inhibiting the mediators
of inflammation, including cytokines and free radicals,
with little or no success in clinical studies. Recent novel
treatment strategies have been directed to cell-based rather
than mediator-based approaches, designed to immunomo-
dulate the deleterious effects of inflammation on organ
function. One approach, cell therapy, replaces cells that
were damaged in the acute or chronic disease process with
stem/progenitor technology, to rebalance excessive inflam-
matory states. As an example of this approach, the use of
an immunomodulatory role of renal epithelial progenitor
cells to treat acute renal failure (ARF) and multiorgan
failure arising from acute kidney injury is reviewed. A
second therapeutic pathway, cell processing, does not
incorporate stem/progenitor cells in the device, but rather
biomimetic materials that remove and modulate the
primary cellular components, which promote the worsen-
ing organ tissue injury associated with inflammation. The
use of an immunomodulating leukocyte selective cyto-
pheretic inhibitory device is also reviewed as an example
of this cell processing approach. Both of these unconven-
tional strategies have shown early clinical efficacy in pilot
clinical trials and may transform the therapeutic approach
to organ failure disorders.

Keywords: acute kidney injury (AKI); cell therapy; systemic
inflammation; stem/progenitor cells; selective cytopheretic inhibitory
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Introduction

Inflammation plays a central role in the development of
acute and chronic solid organ failure, including heart,
kidney and lung. Loss of immunoregulation results in a
propensity to develop systemic inflammatory response

syndrome (SIRS), sepsis, multiple organ failure (MOF)
and has a high risk of death because of systemic immuno-
logic or inflammatory imbalance. In acute kidney injury
(AKI), activation and release of inflammatory proteins
from circulating activated leukocytes and imbalance
between pro- and anti-inflammatory proteins are provoked
and aggravated by kidney cell injury. These conditions
play a central role in the proinflammatory state in AKI with
SIRS and/or MOF. SIRS is a catastrophic consequence of a
variety of clinical insults and is usually present with AKI.
The inflammatory response appears to underlie the MOF
syndrome, as there are now data linking patient outcomes
to initial plasma levels of tumor necrosis factor (TNF)-o,
interleukin (IL)-6 and other proinflammatory cytokines [1—
3]. Septic shock is an acute syndrome that is characterized
by hypotension, coagulopathy and eventual MOF primarily
due to ischemic tissue injury. This disorder is associated
with dramatic elevations in inflammatory cytokines, includ-
ing TNF-a, IL-1pB, IL-6, IL-8 and interferon-y [4]. This re-
active and uncontrolled inflammatory response results in
the adverse hemodynamic and metabolic disturbances in
septic shock. If this balance between pro- and anti-inflam-
matory mediators is lost, the patient may proceed to cardio-
vascular collapse if proinflammatory processes are
excessive, or develop profound immunosuppression with
increased risk of recurrent or continuing infection if the
anti-inflammatory cascade overreacts [2, 3].

As a paradigm case of organ failure due to inflam-
mation, consider the sepsis syndrome. Despite prompt
treatment with antibiotics, fluid resuscitation and artificial
organ function support, mortality rates still exceed 30%
[5, 6]. As sepsis progresses in severity, the patient devel-
ops cardiovascular instability with hypotension, lung dys-
function and renal function deterioration [7, 8]. These
major clinical manifestations of sepsis, however, are not
caused directly by the invading microbes but are results
of dysregulation of the patient’s own inflammatory
response [9], as leukocytes exacerbate tissue damage [10,
11]. Prior investigation and therapeutic approaches to
these disorders have focused on extracorporeal devices
designed to interrupt the excessive levels of inflammatory
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cytokines (cytokine storm) or the activation of the coagu-
lation system during sepsis, with little or modest effects
on this disease process when tested clinically [12].

Part of the reason that treatment strategies have resulted
in limited therapeutic success is the nature of cytokine
function in the mediation of inflammation. Simply stated,
cytokines play a complex regulatory role that is upstream
from the final effector of the inflammatory response: the
activated neutrophil [8, 13]. The neutrophil is a short-
lived circulating phagocyte which, when activated, binds
to the microvascular endothelium and extravasates into
local tissue spaces to degrade injured tissue or kill in-
gested pathogens with a variety of stored proteolytic
enzymes and rapid production of reactive oxygen species
[8, 13]. Its essential role in sepsis is demonstrated by the
recurrence of life-threatening infections in patients with
neutropenia or with leukocyte defects [14, 15].

Similarly, inflammation is a key player in chronic organ
dysfunction, including disease states such as congestive
heart failure (CHF) and chronic kidney disease (CKD).
The clinical ramifications of this dysregulated immune
state in CHF and CKD have profound implications. For
CKD, the leukocyte dysfunction translates into the fact that
infection is the second most common cause of death in
hemodialysis patients, approaching 25% of the annual mor-
tality rate [16]. This rate of infection complication is not
diminished with higher dialysis dose or high-flux mem-
brane utilization [17]. Mortality due to sepsis occurs ~250-
fold more commonly in these patients compared with the
general population [18]. In terms of clinical ramifications
for CHF, there is a clear correlation between chronic
inflammation and accelerated atherosclerotic process [19].

Because leukocytes are major contributors to the patho-
genesis and progression of many high-impact clinical
inflammatory disorders, new strategies to directly effect
this dysregulated leukocyte population make good poten-
tial therapies The purpose of this review is to describe
novel strategies of cell-based approaches to mitigating
inflammation: cell processing and cell therapy.

The selective cytopheretic device: a cell
processing approach

A novel approach to the treatment of organ failure or dys-
function developing from excessive dysregulated inflam-
mation utilizes a new therapeutic device, referred to as a
selective cytopheretic device (SCD), which immunomo-
dulates activated circulating leukocytes, including neutro-
phils and monocytes. The development of this potential
paradigm-shifting therapeutic approach to the SIRS arose
from the clinical evaluation of a tissue-engineered renal
assist device (RAD) [20, 21] containing adult human
renal progenitor epithelial cells as a component of a bioar-
tificial kidney (BAK). The RAD cartridge was based on a
standard hollow fiber hemofiltration cartridge and con-
tained up to 10® renal epithelial cells (RECs) grown along
the lumen of the hollow fiber membranes. In a number of
preclinical large animal studies, cell function and viability
within the RAD was confirmed both prior to, during and

C. J. Pino et al.

after therapeutic application [20, 22]. For clinical appli-
cation, RAD membranes were well suited, as they pro-
vided both a tubular scaffold and immunoprotection from
the blood perfusing through the extracapillary space of
the cartridge. In a randomized control, blinded multicenter
clinical study in intensive care unit (ICU) patients with
acute renal failure (ARF) secondary to AKI undergoing
continuous renal replacement therapy (CRRT), subsets of
patients were treated with a cell containing RAD or a
sham (noncell containing) RAD cartridge [23]. The RAD
was connected in series to a conventional hemofilter in an
extracorporeal blood circuit, and maintained with either
systemic heparin or regional citrate anticoagulation with
anticoagulant citrate dextrose solution formula A (ACD-
A). The clinical study was suspended after an interim
analysis due to an unanticipated high survival rate of the
sham device arm of the study. In the subsequent retro-
spective analysis of the sham control groups, the im-
proved survival rate was demonstrated in the presence of
regional citrate anticoagulation when compared with sys-
temic heparin anticoagulation, Figure 1 [23].

To understand the mechanism of action of this combi-
nation, a device (RAD without cells) and a pharmacologi-
cal agent (citrate) on a profoundly difficult clinical
disorder, a series of investigations were initiated. Starting
with the knowledge that other groups had previously
shown that regional citrate anticoagulation during CVVH
conferred no additional benefit over systemically hepari-
nized CVVH, for example during severe sepsis [24], and
that AKI results in an acute inflammatory response state
resulting in microvascular dysfunction in multiple organs
[25], the initial evaluation of the mechanism of action
focused on the inflammatory response in the patients
treated in the sham control arm. Accordingly, the initial
step in understanding the potential mechanism of this ser-
endipitous unexpected clinical result was the histologic
evaluation of the sham RAD (Figure 2). Immunofluores-
cence microscopy of the sham cartridges after patient
treatment demonstrated adherent leukocytes on the outer
surface of the membranes of the cartridge along the
blood-flow path within the extracorporeal circuit [23].
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Fig. 1. Survival of citrate vs. heparin in SCD in the control subset of the
RAD trial.
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Fig. 2. Microscopy of the sham cartridges after patient treatment
demonstrated adherent leukocytes on the outer surface of the membranes
of the cartridge along the blood flow path within the extracorporeal
circuit.

The sequestered leukocytes were dominated with neutro-
phils (Figure 2). The ability of leukocytes to bind to the
outer walls of the hollow fiber membranes rather than the
inner walls, which is the conventional blood-flow path,
was recognized to be due to the shear force of blood flow.
The sheer stress (SS) of blood along the outer wall of the
membrane was near capillary SS of <1 dyne/cm® com-
pared with the SS of near 100 dyne/cm? of blood when
flowing along the inner conventional surfaces of the
hollow fiber membranes. The role of citrate infusion
(ACD-A infused at a rate of 1:40 of the blood-flow rate)
in this device blood circuit related to the effect of citrate
to lower the ionized calcium (iCa) levels of blood to
below 0.4 mM, a level that inhibits the coagulation
system of blood. This concentration of citrate causing
lower blood iCa also has an inhibitory effect on neutro-
phil activation [25], resulting in a simultaneous combi-
nation effect to sequester activated circulating leukocytes
and alter the activity of the bound leukocytes. Further
studies now suggest that the bound leukocytes were sub-
sequently released back to the systemic circulation in an
altered apoptotic state. Consequently, the membrane car-
tridge is referred to as an SCD, and in the presence of
citrate anticoagulation, an immunomodulatory membrane
device.

This clinical observation was further evaluated using
the SCD with citrate anticoagulation in a well-established
porcine model of Escherichia coli-induced septic shock
[22, 25]. These studies demonstrated an ability of the
SCD with citrate to lower systemic neutrophil activation,
diminish aggregation of activated leukocytes in the lungs,
decrease systemic capillary leak, preserve cardiac output,
ameliorate renal dysfunction and prolong survival time
compared with various control groups (Figure 3). Im-
proved cardiovascular and pulmonary functions were not
merely due to thermodynamic changes, as thermal par-
ameters for the heparin only control was nearly identical to
the regionally citrate SCD therapy; however, the heparin-
only group did not confer any cardiovascular or pulmonary
improvements. Further experiments have suggested that the

3

‘catch and release’ of activated neutrophils within the SCD
promoted the activated neutrophil, which is in a delayed
apoptotic state and has a longer life span, to revert back to
a normal time to apoptosis and a normal life span despite
the presence of a SIRS state. This observation is consistent
with previous work that suggests that blocking calcium
entry into a neutrophil activates the apoptotic pathway to
programmed cell death [26].

With these favorable preclinical results, the evaluation
of the SCD with citrate anticoagulation has been com-
pleted in three exploratory pilot clinical trials in ICU
patients with ARF and multiorgan failure. This patient
group was chosen due to the ease of incorporating this
device into the standard CRRT blood circuit during treat-
ment of these critically ill patients. These early explora-
tory clinical trials have demonstrated an excellent safety
profile and compelling efficacy impact [23, 27, 28]. Leu-
kopenia and sustained thrombocytopenia were not ob-
served in these clinical studies. Accelerated renal recovery
with CRRT discontinuation and a ~50% or greater rela-
tive improvement in survival rates have been observed.

The first clinical results, as briefly referred to earlier,
were derived from a retrospective subgroup analysis of a
randomized, blinded multicenter controlled clinical study
[23]. This study was evaluated in an FDA/IND trial to
evaluate renal cell therapy in ICU patients utilizing a
sham noncell device as a control. Twenty-four patients
were randomly assigned to a noncell cartridge group that
received either systemic heparin (n=12) or regional
citrate (n = 12) anticoagulation (Figure 1). Patient baseline
demographics and acuity of illness by SOFA scores at
baseline were similar between the two groups. The mor-
tality rate in the heparin patient group was 50 versus 25%
in the citrate-treated group at 28 days (though not signifi-
cant, demonstrates a trend toward greater citrate-treated
survival) and 75 versus 33% at 90 days (X2<0.05). The
subgroups were comparable with similar SOFA scores,
organ failure number and incidence of sepsis (58% in
both groups). Treatment with noncell/cartridge and
regional citrate (later referred to as SCD) was well toler-
ated, without measurable effects on hematological par-
ameters, including neutrophil and platelet counts, with an
adverse event profile expected for a seriously ill popu-
lation in the ICU with AKI. The blood-flow patency of
the double-cartridge circuit was comparable to single-
cartridge CRRT modalities.

The second clinical study was a prospective, single-
arm, single-center study to evaluate safety and efficacy of
the SCD in a dose-ranging study in ICU patients with
ARF and multiorgan failure [27]. This study was approved
by the local IRB as a nonsignificant risk designation. The
dose-ranging study included increasing the effective outer
membrane surface area from 1.0 to 1.4 m* and by increas-
ing SCD treatment from 72 h up to 7 days with SCD re-
placement every 24 h. Nine patients were enrolled in the
trial and were compared with historical case-matched con-
trols with respect to age and SOFA score utilizing the
PICARD/NIH database [29]. The mortality rate for the
case-matched controls was 78%, whereas the mortality in
the SCD treatment group was 22% (P =0.027). Multiple
regression analysis identified treatment with SCD as the
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Fig. 3. SCD-C circuit (A) depicting locations of regional citrate anticoagulation administration and calcium infusion. Porcine sepsis model treated
with SCD-C and SCD-H show differences in absolute NE counts over the duration of therapy (B), cardiac output (C) and NE infiltration in lung:

SCD-H (D), SCD-C (E).

only significant variable affecting mortality among age,
SOFA score. This encouraging result was suggestive of a
survival advantage; however, it should be noted that
contemporaneous control groups were not tested. Patients
receiving SCD treatment exhibited improved renal func-
tion, as mean total urine output increased from a baseline
of ~500 mL/day to more than 2000 mL/day by Day 7 of
treatment. In fact, the five patients receiving therapy utiliz-
ing an SCD with the larger membrane surface area (1.4
m~), improved renal function and urine output in 72 h so
that no dialytic treatment was necessary after 3 days. Once
again, treatment with SCD was well tolerated, without sig-
nificant effects on hematological parameters and with an
adverse event profile expected for a seriously ill popu-
lation in the ICU with AKI. The blood-flow patency of
SCD was comparable with single-cartridge CRRT modal-
ities. These results suggested a higher dose with a larger

membrane SA and longer treatment time was safe and
potentially more effective.

The third clinical study was a US multicenter pilot
study to assess the safety and efficacy of the SCD in ICU
patients with ARF and multiorgan failure [28]. This study
was undertaken with an FDA-approved Investigational
Device Exemption (IDE) (G090189). A total of 35
patients at six clinical sites were enrolled (Clinical Trials.
gov., ID#NCT01072682). Those 35 patients had an
average age of 56 years, an average SOFA score of 11.5
and 28/35 (80%) patients were septic. Ninety percent
(31/35) of the patients were on mechanical ventilation. For
the entire patient group, 28-day all-cause mortality was
20% at 28 days and 31% at 60 days. For the septic patients,
28-day and 60-day all-cause mortality were similar to that
of the entire patient group outcomes. This compared favor-
ably to historical conventional renal replacement therapy
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mortality rates exceeding 50%. Once again, this encoura-
ging result was suggestive of a survival advantage with
SCD treatment; however, it should be noted that contem-
poraneous control groups were not tested. There were no
SCD treated patients requiring dialysis at 60 days versus
the comparative control group of 8%.

The clinical results also demonstrated that respiratory
improvement occurred in ventilator patients, as measured
by FiO, requirements, within 24 h; vasopressor require-
ments were reduced within 48 h and renal recovery, as
assessed by urine volume, improved within 72 h. These
time frames are significantly shorter than conventional
therapy. The need for SCD was, on average, required for
4.3 days due to rapid improvement of the patient and dis-
continuation of the need for CRRT, in contrast to historical
patient groups, requiring >7 days of CRRT treatment.
Owing to these favorable results in three separate trials in
19 different clinical sites and 56 patients, a pivotal con-
trolled, randomized, multicenter clinical trial has begun in
September 2011 under an FDA-approved IDE (G090
1895) clinical trial.gov ID# NCT01400893. The FDA also
accepted and encouraged a respiratory 28-day ventilator-
free survival rate and days of vasopressor requirements as
important indices of multiorgan recovery. The aforemen-
tioned early clinical data are summarized in Table 1.

Although critical in host defense, the activation of cir-
culating neutrophils and the microvascular endothelium in
systemic infections is the basis for the progression to mul-
tiorgan dysfunction in severe sepsis and SIRS from other
etiologies, such as trauma, burns and surgery. The inter-
action of activated neutrophils and endothelium leads to
increased vascular permeability with fluid leakage from
the intravascular space to tissue interstitium with resulting
hypovolemia, hypotension and cardiovascular instability.
Sequestration and aggregation of neutrophils in the peri-
tubular capillaries of the kidney promotes AKI and, if
substantive, ARF. Sequestration and infiltration in lung
tissue progresses to diminish pulmonary gas exchange
and, if severe, adult respiratory distress syndrome [30].

Bioartificial renal epithelial cell system: a cell
therapy approach

The clinical efficacy of the cell-based, multifactorial ap-
proach of the RAD, which leveraged the metabolic and
synthetic functions of stem/progenitor cells of the kidney
directed toward a renal tubule cell fate is well established
[21, 24, 31]. Cell sourcing and storage/distribution issues

Table 1. Summary of mortality rates from SCD-c clinical trials
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encountered during RAD manufacturing have now been
addressed through the development of a new cell-based
device called the Bioartificial Renal Epithelial Cell
System (BRECS). The BRECS was based on the same
cell therapy concept as the RAD, with the BRECS utiliz-
ing a similar renal progenitor cell population directed
toward an REC fate. However, the RAD utilized polysul-
fone fibers as a cell substrate, which could not be cryopre-
served, and therefore hindered mass fabrication and
distribution. The BRECS was designed to be fully cryo-
preservable, and therefore enable mass fabrication,
storage and distribution.

In brief, the BRECS is a perfusion bioreactor that uti-
lizes primary RECs isolated from the kidney, and ex-
panded during in vitro culture. Cells are seeded on porous
cell-carrying disks, which are placed within a media flow
path within the BRECS. For a more detailed description
and pictures of the BRECS design, see Buffington et al.
[31]. Renal progenitor cells are directed toward a renal
tubule cell fate and maintained in perfusion culture prior
to therapeutic application. /n vitro cell viability and meta-
bolic activity are confirmed in the BRECS by measuring
lactate production and oxygen consumption. Both metrics
of metabolism have proven to be consistent throughout
the duration of perfusion culture, with an estimated total
cell number of >10® cells [31, 32]. Oxygen consumption
rates are similar to previously reported values for metabo-
lically active cells [33].

REC in BRECS maintain renal differentiated phenoty-
pic characteristics over time in perfusion culture, human
REC-seeded disks from BRECS units, upon immunohis-
tochemical analysis, have displayed selected renal cell-
differentiated markers, including acetylated tubulin (AT-1)
and zona occludens (ZO-1). AT-1, a marker for apical
central cilia of proximal tubule cells, exhibits regular
staining in central regions of cells grown on disks. ZO-1,
a marker for epithelial tight junctions, displays strong
expression along the surface of the cells. ZO-1-positive
tight junctions and punctate AT-1-positive central cilia are
indicative of polarized epithelium and have been evident
in all disks tested [31, 32].

To assess renal cell-specific function of the BRECS, a
nondestructive glutathione (GSH) degradation assay was
established as one measure of catabolic function of the
cells in the BRECS over time. Exogenous glutathione is
supplemented in the BRECS perfusion media, and meta-
bolic degradation of GSH is measured over a 60-min
period. GSH degradation rates in BRECS remain stable,
ranging between 600 and 1200 nmol/h/BRECS over a

Trial Mortality of SCD-c =~ Comparative control Mortality of control
group (%) group group (%)

Retrospective analysis of acellular RAD citrate 33 Acellular RAD with heparin 75

anticoagulation (n=12) [23] anticoagulation (n=12) [23]

Prospective, single-arm, single-center trial to evaluate safety 33 Historical, case-matched controls, 78

and efficacy (n=09, 1 site) [27, 29] PICARD/NIH [27, 29]

US Multicenter safety and efficacy trial (n =35, 6 sites) [28] 31 Historical, case-matched control, 63

PICARD/NIH [28]
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90-day period, indicative of sustained differentiated renal
cell function in the device [31, 32].

Cryopreservation and thawing of REC in BRECS is
accomplished using a commercially available and FDA-
approved cryopreservation media, CryoStor 10. To
optimize immediate postcryopreservation cell retention
HTS-Purge solution (#637112, Biolife Solutions, Bothell,
WA), a hypothermic solution used to prepare cells for the
extreme conditions of cryopreservation, is utilized as a
precryopreservation rinse buffer, in addition to using a
controlled rate freezer during the cryopreservation process.
Average cell retention of >80% was achieved, and further-
more, this cryopreservation procedure yielded an average
cell viability of >90% [31, 32].

The extracorporeal application approach of the BRECS
allows for cell therapy application while maintaining im-
munoisolation using a series of filters. Critical to the
application of the BRECS for acute indications, the
BRECS has been designed to enable cryopreservation of
cells within the device in a therapeutically ready state and
use an allogenic cell source, which enables mass fabrica-
tion, cryopreservation for storage and distribution for
on-demand clinical need.

Summarizing, the key differences between the BRECS
and the RAD are (i) the BRECS supports cells on porous
disks and the RAD supported cells on hollow fibers;
(i1) the BRECS can be cryopreserved, whereas the RAD
did not have this capability due to polysulfone hollow
fiber fracture during the freeze-thawing process and (iii)
the BRECS utilizes both an immunoisolation prefilter to
generate UF and a separate postfilter after the BRECS to
retain cell debris, whereas the RAD utilized an immunoi-
solation prefilter to generate UF, but did not require a separ-
ate postfilter, as the hollow fiber-based RAD acted as its
own postfilter to retain cell debris. Other salient features of
RAD therapy remain intact for BRECS treatment, which
include (i) both cell-based devices provide supplementary
metabolic and secretory renal functions, (ii) both utilize an
extracorporeal circuit as a platform for therapy, (iii) small
solute clearance is afforded by hemofiltration and (iv) reab-
sorption/reclamation is based on hydraulic forces generated
by pumps, and not active transport.

Conclusion

New therapies directed toward treating sepsis have, in the
past, focused on interrupting the excessive levels of
inflammatory cytokines (cytokine storm) or the activation
of the coagulation system during sepsis, with little or
modest effects on this disease process when tested clini-
cally. As activated leukocytes are central to the patho-
genesis and progression of sepsis and other clinical
inflammatory disorders, new therapeutic approaches are
being considered to limit the deleterious clinical effect of
activated leukocytes that result from a dysregulated
immune response to sepsis [10]. The SCD is a synthetic,
biomimetic membrane that binds and sequesters activated
leukocytes from the systemic circulation along an extra-
corporeal blood circuit. The SCD incorporates a low-
velocity, low-shear force blood-flow path around a
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bundled collection of biocompatible membranes to repro-
duce capillary shear to create a condition to bind activated
leukocytes during a systemic inflammatory disease state.
To further minimize the systemic effects of activated leu-
kocytes, the blood is anticoagulated with regional citrate
infusion to lower blood ionized calcium (iCa) levels to
0.2-0.5 mM, levels which inhibit the coagulation system
of the blood. This lowering of blood iCa also has an
inhibitory effect on neutrophil activation, thereby simul-
taneously combining the SCD effect to sequester activated
circulating leukocytes and limits the potential activation
of leukocytes entering the SCD and the low-iCa environ-
ment. This treatment approach changes systemic neutro-
phil kinetics and release of neutrophils from stored sites.
Other novel, device-based therapies for systemic inflam-
mation include: the BRECS, a cell bioreactor, which le-
verages metabolic and synthetic functions of stem/
progenitor cells of the kidney directed toward a renal
tubule cell fate in a multifactorial approach to the treat-
ment of immune dysregulation and organ failure. Cell pro-
cessing and cell therapy for the treatment of systemic
inflammation are clinically promising approaches to
combat sepsis and multiorgan failure.
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