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Abstract

Therapeutic plasma exchange, consisting of removing blood plasma and exchanging it
with donated blood products, has been proposed for treating Alzheimer’s disease (AD)
to remove senescent or toxic factors. In preclinical studies, administration of plasma
from young healthy mice to AD transgenic mice improved cognitive deficits without
affecting brain amyloid plaques. Initial encouraging results have been collected in a
double-blind, placebo-controlled study in nine AD patients receiving young plasma.
In a 14-month double-blind, placebo-controlled study in 322 AD patients, multiple
infusions with plasma enriched with albumin with or without immunoglobulins slowed
cognitive, functional, and clinical decline, especially in moderately affected patients.
Clinical trials of plasma fractions containing hypothetically beneficial proteins are also
under way. These initial positive clinical results need to be confirmed in larger and
more rigorous controlled studies in which the possible benefits of plasma exchange
approaches can be weighed against the intrinsic side effects of repetitive infusion

procedures.
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cases worldwide is expected to almost double every 20 years, from
>50 millionin 2018 to >152 million by 2050. The cause of AD is poorly

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that
usually starts slowly and gradually worsens over time. It is the cause
of approximately 70% of cases of dementia. The most common early
symptom is difficulty in remembering recent events. As the disease
advances, symptoms can include problems with language, disorien-
tation for time and space, apathy, mood disturbances, inability to
perform key activities of daily living, and behavioral issues. Gradually,
basic activities are lost, ultimately leading to death. Although the
speed of progression can vary, typical life expectancy after diagnosis

is 3 to 8 years. As general life expectancy increases, the number of AD

understood. Risk for AD is partially driven by genetics and several
risk loci have been identified. A recent meta-analysis identified 29
risk loci, implicating 215 potential causative genes. Gene-set analyses
indicated biological mechanisms included immunity processes, lipid
metabolism, tau binding proteins, and amyloid precursor protein
metabolism. Histologically, the AD brain is characterized by extra-
neuronal plaques of amyloid g (Ap), intraneuronal neurofibrillary
tangles of hyperphosphorylated-tau, dysfunctional microglia, reactive
astrocytes, and dystrophic neurites. No treatments stop or reverse the

progression of AD, although cholinesterase inhibitors or the N-methyl-
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D-aspartate (NMDA)-antagonist memantine may temporarily improve
symptoms. New drug development in AD is very slow and suffers a
high attrition rate. Molecules showing promise in animal studies have

not confirmed that promise in the clinic.

2 | PATHOPHYSIOLOGY AND ANTI-Ab
THERAPEUTIC APPROACHES TO
ALZHEIMER’S DISEASE

The AD brain is histologically characterized by the presence of intra-
cellular neurofibrillary tangles and extracellular plaques. The plaques
are composed of Ag, a 40- to 42-amino acid peptide mediating phys-
iological neuronal homeostasis. Neurofibrillary tangles are aggregates
of the hyperphosphorylated form of tau, a protein involved in the
stabilization of axonal microtubules. Other histopathological markers
of the AD brain are dysfunctional microglia, reactive astrocytes, and
dystrophic neurites. The Ap cascade hypothesis of AD assumes that
the brain accumulation of Ag represents the initial event of the patho-
logical process and starts 15 to 20 years before clinical symptoms
become apparent. Point mutations of the amyloid precursor protein
(APP) and the enzymes involved in its processing (PSEN1 and PSEN2)
alter the production of Ap and cause the autosomal dominant familial
forms of AD. A specific mutation of APP (A673T) was found to protect
against AD onset and cognitive decline in cognitively healthy elderly
individuals. The mutant amino acid is adjacent to the cleavage site of
the p-site amyloid precursor protein cleaving enzyme-1 (BACE1) and
results in about a 40% reduction in Ag production in vitro. In late-onset
sporadic AD, accumulation of brain Ag has been attributed to faulty
clearance or increased BACE1 activity. A accumulation has also been
linked to the apolipoprotein E ¢4 (APOE*¢4) allele, the most important
genetic risk factor associated with sporadic AD. These observations
represent the foundation of the amyloid hypothesis of AD and during
the last 20 years intensive efforts have been made to identify com-
pounds which antagonize the accumulation of Ag in the AD brain. This
objective was mainly pursued through two approaches. One was to
reduce Ap production by inhibiting the two key enzymes (BACE1 and
y-secretase) which cleave APP to generate Ap. The other approach
was to enhance Ap clearance from the brain with active or passive
immunotherapy. Unfortunately, neither of these had therapeutic
effects in patients with mild-to-moderate AD.! From these failures the
AD scientific community concluded that the mild-to-moderate stage of
AD is too late for the anti-Ap drugs to reverse or halt the progression of
the disease. In addition, because about 25% of mildly affected patients
enrolled in clinical trials did not have evidence of Ap brain deposition,
new AD diagnostic criteria were proposed to define dementia due to
AD based on biomarker evidence of brain amyloidosis. This enabled the
definition of preclinical stages of AD to allow early pharmacological
intervention.2 Nevertheless, two large Phase 3 studies in prodromal
AD patients (CREAD 1 and 2) with crenezumab, a monoclonal antibody
directed against oligomeric Ag® and one large Phase 3 study (APECS)
with verubecestat,® a potent BACE1 inhibitor, were prematurely
terminated because they failed to show clinical efficacy. The results of

the APECS study were fully published and were surprising because,
although the levels of Ap deposition in the brain and Apg in the cere-
brospinal fluid decreased, cognitive function and the structural brain
imaging findings worsened with verubecestat compared to placebo.
Furthermore, a Phase 3 trial with atabecestat, another potent BACE1
inhibitor, in cognitively normal subjects with biomarker evidence of
brain Ap deposition, was also interrupted because of accelerated
cognitive deterioration in subjects receiving the drug.® Finally, two
large studies of umibecestat (Generation 1 and 2), a BACE1 inhibitor,
in cognitively normal subjects without evidence of A brain deposition
but carrying the APOE4 allele, a genetic risk factor for AD, were also
prematurely interrupted because of worsening cognitive function.®
The failure of all these early intervention trials needs to be explained
and has led to questioning of the amyloid hypothesis of AD, providing
fresh impetus to the exploration of alternative etiologies and ther-
apeutic strategies. One promising approach is therapeutic plasma
exchange (TPE), which aims to supplement beneficial factors contained
in young plasma that may promote neuronal survival and function
and/or remove senescent detrimental factors that accumulate during

aging.

3 | PERIPHERAL INFLAMMATION IN
ALZHEIMER’S DISEASE

The role of neuroinflammation in the pathogenesis of AD is gaining
much interest as an avenue for new therapeutic approaches, particu-
larly in view of the failure of most Ap-targeting drugs. Alteration of
peripheral immune activity can affect the brain immune system’ and
be associated with increased risk of dementia.2 A long-term longitudi-
nal study of 1633 participants revealed a positive association between
midlife peripheral inflammation and shrinkage of brain volume in late
life.? A 6-month study in 300 community-dwelling subjects with mild
to severe AD has shown that increases in serum tumor necrosis fac-
tor alpha (TNF-«) levels were associated with increased rate of cog-
nitive decline.® Circulating levels of peripheral cytokines have been
shown to correlate to cytokine levels in the brain, AD severity, brain
atrophy,! and cognitive performance.l? High plasma levels of mono-
cyte chemoattractant protein-1 (MCP-1) were found to be associated
with AD severity and faster cognitive decline.!® C-reactive protein, a
biomarker of low-grade inflammation, was associated with shortened
latency for AD onset in ApoE4 carriers.!* Interestingly, longitudinal
studies have found that associated peripheral inflammation may occur
years before AD onset.1>

Longitudinal studies in cognitively healthy subjects have shown that
high baseline plasma Ap42 levels are associated with future increased
risk of AD.16 Low serum Apg-albumin complexes were associated
with decreased levels of cerebrospinal fluid (CSF) Ap42, increased
levels of CSF phosphorylated-tau, and higher AD prevalence.l” These
observations suggested that a decreased ability of serum albumin
to bind Ap in aging could slow the clearance of Ag from the central
nervous system (CNS) and increase inflammatory response in the
brain. Although elevated serum Ap levels and systemic inflammation
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markers are associated with neurodegeneration and AD onset, we do
not know if there is a causal relationship and if lowering serum levels
of Ap or inflammatory markers from the blood may be effective in AD
patients.

4 | REJUVENATION APPROACHES IN
ANIMAL MODELS OF ALZHEIMER’S
DISEASE

The hypothesis that removal of toxic and senescent factors from
blood and simultaneously supplementing “rejuvenating” elements may
be beneficial in aging and in AD has been quite extensively tested
in animals (Figure 1). Animal models of blood exchange used het-
erochronic parabiosis, a surgical procedure that joins the organs
and circulatory systems of two animals of different ages.'® Het-
erochronic parabiosis has been shown to stimulate neurogenesis
and synaptic plasticity in the hippocampus!? and improve cognitive
function? of aged mice. These changes were correlated with increased
cAMP response element-binding protein (CREB) signalling, which is
implicated in synaptic plasticity. Moreover, exposure of young ani-
mals to aged blood has led to a significant reduction in neurogen-
esis in the dentate gyrus of the hippocampus, effects mediated by
increased levels of C-C motif chemokine 11 (CCL-11).2° Conversely,
parabiosis between transgenic AD and wild-type mice determined
deposition of Ap in vessel walls and parenchyma, and formation of
AD-like protein aggregates in the brain of wild-type mice, showing
that blood-derived Ap can enter the CNS determining degenerative
changes.?!

Growth differentiation factor 11 (GDF-11) was found in higher con-
centrations in young mouse serum and was considered responsible
for remodelling of cerebral vasculature and enhancing neurogenesis in
aged mice.?2 In aged human APP transgenic mice, exposure to young
blood through parabiosis or intravenous plasma administration sig-
nificantly rescued neuronal synaptophysin and calbindin levels, and
attenuated cognitive deficit while amyloid plaque deposition remained
unaffected.2® Abnormal phosphorylation of hippocampal extracellular
signal regulated kinase (ERK), a kinase linked to AD and neurodegener-
ation, dropped to wild-type levels.

Peritoneal dialysis was found to decrease plasma Ap levels in
chronic kidney disease patients.24 This technique has been used as an
alternative to parabiosis in APP/PS1 transgenic mice and significantly
attenuated brain Ag burden, neuroinflammation, neurodegeneration,
and cognitive deficits after a 1-month treatment.2* Peritoneal dialysis
might enhance Ag efflux from brain to blood, attenuating brain inflam-
mation and improving Ap phagocytosis by microglia and clearance of
hyperphosphorylated-tau.

Castellano et al. treated wild-type aged mice with human umbil-
ical cord plasma proteins and found enhanced hippocampal activity
and improved cognitive function in spatial learning, memory, and fear-
conditioning testing.2> The tissue inhibitor of metalloproteinases 2
(TIMP2), a blood-borne factor, was found to be enriched in human cord
plasma, young mouse plasma, and young mouse hippocampi. TIMP2
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appeared in the brain after systemic administration and increased
synaptic plasticity and hippocampus-dependent cognition.2>
Cognitive function (specifically hippocampal memory) was
improved in aged mice by replacement of old peripheral hematopoietic
cells with young ones, in association with reduced synapse loss and
reduced activation of microglia.2¢ While previous parabiosis studies
have attributed cognitive aging, at least in part, to reduced neuro-
genesis, Das et al. reported that restoration of neurogenesis is not
essential for the preservation of cognitive function. Microglial reju-
venation, via peripheral manipulation of the hematopoietic system,
may be sufficient to maintain or restore hippocampal function.2¢
In a recent in vitro study focusing on the identification of specific
young blood factors able to enhance cognitive function, young mouse
serum induced human cultured neurons, boosted synapse forma-
tion and connectivity, and enhanced NMDA synaptic responses.2’
Thrombospondin-4 (THBS4) and SPARC-like protein 1 (SPARCL1),
two proteins enriched in young blood, where found to mediate these
effects. Recombinant THBS4 and SPARCL1 were able to increase
dendritic arborization, double synapse numbers, and increase synaptic
NMDA receptors in cultured neurons.2’ Although these observations
might not necessarily translate to humans, multiple preclinical studies
are suggesting that TPE might work in both aging alone and AD.
It is still unclear how the plasma from young animals benefits the
brain. Soluble factors in young plasma might interact with endothelial
cells 22 targeting several anti-aging pathways and/or lowering Ap
burden in the brain. A recent study found that intravenous injection
of plasma collected from exercising (voluntarily running) mice into
sedentary mice reduced baseline neuroinflammatory gene expression,
suppressed lipopolysaccharide (LPS)-induced brain inflammation and
improved contextual learning and memory.28 These beneficial effects
appeared mediated by a marked increase in complement cascade
inhibitors including clusterin.28 Although no age difference effect was
explored in this study, its findings do add support to the principle of
plasma-borne factors being able to affect cognition. Understanding
which circulating plasma factors underlie the apparent restoration of
age-related cognitive function loss might lead to the development of

new molecular targets for intervention.

5 | THERAPEUTIC PLASMA EXCHANGE IN
THE CLINICAL PRACTICE

Therapeutic plasma exchange is used to remove patient plasma and
replace it with albumin or other colloids, fresh frozen plasma, and/or
crystalloids while maintaining normal plasma volume and osmotic
balance. The purpose is the elimination of circulating toxic substances
such as autoantibodies, alloantibodies, immune complexes, proteins,
and toxins.2? During plasma exchange, blood from the patient is passed
through an apheresis device (“apheresis” is derived from a Greek
word meaning “removal”) which separates plasma from other blood
components. This separation can be achieved either by centrifugal
separation or by membrane filtration. Citrate anticoagulation is gen-
erally used with centrifugation devices, while heparin is used with
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FIGURE 1 Overview of rejuvenating effects of blood exchange in preclinical studies. A, Young mouse blood factors thrombospondin-4 and
SPARC-like protein 1 boosted neuronal function and N-methyl-D-aspartate synaptic responses of human cultured iPS-derived neurons, increasing
dendrites and synapses formation. B, Young mouse blood enriched in growth differentiation factor 11 and tissue inhibitor of metalloproteinases 2
(TIMP2) enhanced cognitive function through cAMP response element-binding protein signalling in aged mice, improved vascular brain function,
increased neurogenesis, and decreased AD-like pathology in transgenic animal models. Alzheimer’s disease mice showed lowered brain abnormal
phosphorylation of hippocampal extracellular signal regulated kinase, amyloid g burden, and tau phosphorylation. Treatment with young
hematopoietic cells or administration of human umbilical cord plasma enriched in TIMP2, decreased aging related circulating factors CCL-11, PLG,

and improved cognition in old mice

membrane filtration. The removed plasma has to be replaced, usually
volume for volume, with an appropriate fluid that is able to preserve
intravascular oncotic pressure, thus maintaining systemic blood pres-
sure. A colloid solution (eg, albumin and/or plasma) or a combination
of crystalloid/colloid solution can be used. Typically, 30 to 40 mL/kg
of plasma (1 to 1.5 plasma volumes) are removed at each procedure
and replaced with isotonic 4.5% or 5.0% human albumin solution.
Fresh frozen plasma is also used to replace clotting factors in patients
at high risk of bleeding (such as those with Goodpasture syndrome
and pulmonary hemorrhage) and is recommended in patients with
thrombotic thrombocytopenic purpura.3©

Plasma exchange is widely used in the treatment of various patholo-
gies, including Guillain-Barré syndrome,3! multiple sclerosis,32 inflam-
matory demyelinating polyradiculoneuropathy,3® acute inflammatory
demyelinating disease of the CNS,34 and other peripheral neurologi-
cal conditions.3®> The American Society for Apheresis (ASFA) produces
regularly updated, evidence-based guidelines for TPE and Table 1

presents current first-line indications.3¢

In addition to removing pathogenic substances, TPE may also
remove normal plasma constituents, such as coagulation factors (which
can cause transient changes in blood-clotting factor levels, and pro-
thrombin and activated partial thromboplastin times), immunoglobu-
lins, and platelets. However, in patients with normal bone marrow and
liver function, endogenous synthesis replaces most coagulation fac-
tors and platelets within 2 to 4 days.3” Therapeutic plasma exchange
can be associated with a variety of risks; some such as nausea, vom-
iting, fainting, and hypotension could be symptoms of citrate toxic-
ity and associated hypocalcaemia or due to vagal stimulation. They
are usually treated with oral or parenteral calcium supplementation
or slowing the blood flow into the apheresis device. Other adverse
effects include hematomas at venepuncture/line insertion sites, fluid
overload or under-replacement, and allergic or anaphylactic reactions.
The insertion and care of central venous catheters is another impor-
tant source of morbidity and mortality. Nevertheless, with current
technologies, and in skilful hands, plasma exchange is a relatively safe
procedure.30
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TABLE 1 Category | indications for therapeutic plasma exchange (first-line therapy based on strong research evidence)

Disease

Acute inflammatory demyelinating polyradiculoneuropathy Guillain-Barre syndrome

Antineutrophil cytoplasmic antibody-associated rapidly progressive glomerulonephritis

(granulomatosis with polyangiitis and microscopic polyangiitis)

Anti-glomerular basement membrane disease (Goodpasture’s syndrome)

Chronic inflammatory demyelinating polyradiculoneuropathy
Focal segmental glomerulosclerosis

Hyperviscosity in monoclonal gammopathies

Liver transplantation

Myasthenia gravis

N-methyl D-aspartate receptor antibody encephalitis

Paraproteinemic demyelinating neuropathies/chronic acquired demyelinating
polyneuropathies

Progressive multifocal leukoencephalopathy associated with natalizumab

Renal transplantation, ABO compatible

Renal transplantation, ABO incompatible
Thrombotic microangiopathy, complement mediated
Thrombotic microangiopathy, drug associated
Thrombotic thrombocytopenic purpura

Wilson’s disease, fulminant

6 | PLASMA REPLACEMENT APPROACHES
IN PATIENTS WITH ALZHEIMER’S DISEASE

The aging brain shows increased levels of many lysosomal proteins and
inflammatory cytokines, while neurons and glial cells show dysfunc-
tional endosomes, lysosomes, and autophagosomes. Whether these
abnormalities contribute to aging or are just epiphenomena is unclear.
Manipulation of autophagy-related genes in transgenic mice that over-
express APP or tau results in significant accumulation of these pro-
teins or progression of AD. These observations indicate that aging and
neurodegeneration are associated with a loss of proteostasis and it is
likely that stabilization of protein homeostasis could benefit the aging
brain.38 The initial rationale for TPE in AD was that abnormal Ag accu-
mulation in the brain is a pathological event in the AD process. There
is a dynamic equilibrium between brain and plasma Ap levels and TPE
could remove the excess of A from the brain and provide clinical bene-
fits. Initial studies tried to verify whether TPE could modify the concen-
tration of Ap in plasma and CSF; Table 2 summarizes the main clinical

trials of different plasma replacement approaches in patients with AD.

6.1 | Plasma exchange with 5% albumin

Grifols (Barcelona, Spain) is developing plasma exchange therapies
with human plasma enriched with human albumin (Albutein®) with or

without human immunoglobulins (Flebogamma DIF®). The rationale

Indication
Primary treatment

Dialysis dependence
Diffuse alveolar haemorrhage

Diffuse alveolar hemorrhage
Dialysis independence

Recurrent in transplanted kidney
Symptomatic

Prophylaxis for rituximab
Desensitization, ABO, living donor

Moderate-severe
Pre-thymectomy

1gG/1gA
IgM

Antibody mediated rejection
Desensitization, Living donor

Desensitization, living donor
Factor H autoantibodies

Ticlopidine

Fulminant

for using albumin-enriched plasma is that the vast majority of Ag circu-
lating in blood (around 90%) is bound to albuminina 1:1 ratio.3? In vitro
studies showed that human albumin produced by Grifols (Albutein®)
is able to bind Ap peptide.?? Initial pilot studies of TPE in AD patients
were carried out with 5% human albumin. In a 6-month, open label,
uncontrolled pilot study, seven patients with mild-to-moderate AD
underwent six plasma exchange infusions over 3 weeks.#! During the
3-week plasma exchange period there was a saw-tooth fluctuation pat-
ternin plasmaAp40 and Ap42 levels. Variations in mean CSF Ap40 and
Ap42 concentrations were less clear. Mean Mini-Mental State Exami-
nation (MMSE) and Alzheimer’s Disease Assessment Scale-Cog (ADAS-
Cog) scores remained quite stable,? but this observation should be
taken cautiously since there was no control group in this study.

A 21-week, double-blind, controlled study (NCT00742417) eval-
uated the safety, tolerability, and preliminary efficacy of TPE with
5% albumin in 42 mild-to-moderate AD patients.*? Patients on TPE
received two infusions/week for 3 weeks followed by one infu-
sion/week for 6 weeks and, finally, one infusion every 2 weeks for
an additional 12 weeks. The control group received sham infusions.
Patients were followed up for 24 weeks after the treatment period.
One patient in the control group and two patients in the TPE groups
did not complete the full 21-week treatment part of the study. Five
additional patients in both groups did not complete the 24-week
follow-up. Two patients in the control group (cholangitis and otitis
media) and three in the plasma exchange group (hemorrhage associ-

ated with the catheter insertion, complex partial seizures, and fatal
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TABLE 2 Mainclinical studies using therapeutic plasma exchange in Alzheimer’s disease

Study codeand  Subject Number of Treatment period
Compound Sponsor acronym population Study design subjects and follow-up
Plasma from young Stanford NCT02256306 Mild-to-moderate  Open label, placebo- 18 4 weeks
donors University Alkahest PLASMA AD controlled, cross-over 14 weeks
Plasma albumin 5% Grifols NA Mild-to-moderate  Open label, uncontrolled 7 3 weeks
Biologicals AD 52 weeks
Plasma albumin 5% Grifols NCTO00742417 Mild-to-moderate  Double-blind, sham 42 21 weeks
Biologicals AD treatment-controlled 44 weeks
Plasma albumin 5% Grifols NCT01561053 Mild-to-moderate  Double-blind, sham- 347 14 months
albumin 20% Biologicals AMBAR AD treatment-controlled 14 months
immunoglobulin 5%
GRF6019 (plasma Alkahest NCT03520998 Mild-to-moderate  Double-blind, 51 13 weeks
fraction) Grifols Biologicals AD dose-controlled 24 weeks
GRF6019 (plasma Alkahest NCT035209982  Severe AD Double-blind, 20 5 days
fraction) Grifols Biologicals placebo-controlled 9 weeks

From ClinicalTrials.gov (https://clinicaltrials.gov/). Last accessed: September 9, 2019.

aRecruiting, NA = not available.

Abbreviations: AD, Alzheimer’s disease; AMBAR, Alzheimer’s Management By Albumin Replacement

myocardial infarction) experienced serious adverse events. Eighteen
patients in the TPE group (95%) and 14 patients in the control group
(70%) reported adverse events (P < .05). More patients in the TPE
group reported infections (56% vs 29%) and psychiatric symptoms
(50% vs 36%) than did controls. There were no significant differences
between treatment groups in Af1.49 and Ap 4, levels in CSF. Plasma
Ap4.4o concentrations were significantly lower in the TPE-treated
group compared to controls while, paradoxically, plasma Af,_4 levels
tended to be higher. At week 21, patients undergoing plasma infu-
sions performed significantly better than control patients on Boston
Naming Test (P =.010) but worse on Neuropsychiatric Inventory (NPI)
(P = .028) and Alzheimer’s Disease Cooperative Study-Activities of
Daily Living (ADCS-ADL) (P = .050). A possible explanation for these
findings is that TPE had a negative impact on activities of daily living
during the intensive treatment phases, while psychiatric symptoms
may have been impacted by the patients having to tolerate a catheter
inserted in their chests, and the discomfort caused by treatment-
related metabolic alterations. However, an increase in psychiatric
symptoms has also been observed with other anti-Ap drugs, especially
p-secretase and y-secretase inhibitors, and has been linked to reduc-
tions of brain Ag levels.*3 Conversely, infusions of young fresh frozen
plasma in AD patients have been associated with improved activities
of daily living and functionality.**

A 14-month, double-blind, placebo-controlled study (Alzheimer’s
Management By Albumin Replacement, AMBAR,NCT01561053) eval-
uated the effects of different plasma replacement levels of albumin (5%
and 20%), with or without intravenous immunoglobulin (5%) in 347
mild-to-moderate AD patients.4> The study was conducted at 41 sites
in Spain and the United States. The intervention regime comprised a
6-week intensive treatment stage with one infusion (2500 to 3000 mL)
per week (TPE), followed by a 12-month maintenance treatment stage
with one infusion (100 to 200 mL) per month (low volume plasma
exchange or LVPE). During the 6-week TPE stage, patients were ran-
domized to receive albumin 5% or sham plasma exchange (ratio 3:1).

During the 12-month LVPE stage, patients who received albumin 5% in
the TPE phase, received one of three treatments: 20 g of albumin 20%,
20 g albumin 20% plus 10 g immunoglobulins 5%, or 40 g albumin 20%
plus 20 g immunoglobulins 5%. Patients who received sham plasma
exchange during the 6-week intensive TPE continued to receive sham
plasma infusions. The change from baseline to the end of maintenance
treatment in the ADAS-Cog and ADCS-ADL scores were the coprimary
efficacy variables. Secondary efficacy variables included change from
baseline in scores on cognitive, functional, behavioral, and overall
clinical performance. Changes in plasma and CSF Ap and tau protein
concentrations, structural and functional imaging changes in brain
areas of interest were also measured. Results presented at Alzheimer
conferences* reported that of the 347 randomized patients, only 322
started treatment and 72% of them completed the study (Table 3).
The number of patients who did not complete the study were
similar in control and low-albumin groups (20.0% and 21.8%, respec-
tively) but were higher in the TPE groups that included immunoglob-
ulins (34.9% and 34.6%, respectively; Table 3). Similarly, the number
of patients with serious adverse events were similar in control and in
low albumin-groups (10.1% and 10.3%, respectively), but were two
numbers higher in the groups that received immunoglobulins (22.1%
and 20.3%, respectively; Table 3). There were two deaths during
the study, both in the low-albumin+low-immunoglobulin group (one
suicide, other cause unstated). The most frequent complications in the
TPE groups compared to controls were hypotension (21.8% vs 1.3%,
respectively) and muscle pain (21.4% vs 6.3%). Regarding efficacy,
while each of the three treatment groups showed arithmetically less
decline on the ADAS-Cog than the control group, the differences (1.7
to 2.1 points) were not statistically significant (Table 3). However,
when the three treatment arms were combined the 66% lesser decline
in the ADAS-Cog compared to placebo approached statistical signif-
icance (P = .06). On the ADCS-ADL, the treated groups performed
insignificantly better than the control groups (2.8 to 4.7 points) but
the pooled group declined 52% less than those on placebo (P =.03). A
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TABLE 3 Main baseline characteristics and main outcome measures of safety and efficacy of the AMBAR study

Variable Controls (n = 80)

Low albumin (n = 78)

Low albumin low
immunoglobulin (n = 86)

High albumin high
immunoglobulin (n = 78)

Males/females
Age (years)
Baseline MMSE
Patients not completing the study
Patients with serious adverse events
ADAS-Cog change from baseline
Mild (MMSE 22-26)
Moderate (MMSE 18-21)
ADCS-ADL change from baseline
Mild (MMSE 22-26)
Moderate (MMSE 18-21)

36/44
68.4+0.9 (n=80)
21.7 +0.3(n=280)
16/80 (20.0%)
8/79(10.1%)
32+1.0(n=464)
0.6+1.1(n=238)
6.4+1.3(n=26)
—-6.7+1.5(n=64)
-1.3+1.3(n=38)
-14.1+£2.7 (n=26)

43/35
68.5+0.9 (n=78)
21.2+0.3(n=78)
17/78 (21.8%)
8/78(10.3%)
1.5+1.0(n=61)
-0.6 + 1.1 (n=25)
3.3+1.5(n=236)
-39+12(n=61)
-0.9+1.4(n=25)
—-6.0+1.8(n=236)

From ClinicalTrials.gov (https://clinicaltrials.gov/). Last accessed: September 9, 2019.
Abbreviations: ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; ADCS-ADL, Alzheimer’s Disease Cooperative Study-Activities of Daily

48/38
69.5+0.8 (n=286)
22.1+0.3(n=286)
30/86 (34.9%)
19/86(22.1%)
08+1.1(n=57)
-0.3+1.0(n=37)
1.9+ 1.1(n=20)
-20+10(n=57)
0.8+1.0(n=37)
-5.7+21(n=20)

47/31
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16/79 (20.3%)
0.8+ 1.3(n=>50)
-0.9+1.5(n=23)
24+20(n=27)
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-24+17(n=23)
-4.5+3.0(n=28)

Living; AMBAR, Alzheimer’s Management By Albumin Replacement; MMSE, Mini-Mental State Examination
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FIGURE 2 Mean change from baseline of the Alzheimer’s Disease Assessment Scale-Cognitive Subscale and Alzheimer’s Disease Cooperative
Study-Activities of Daily Living of moderately affected patients of the Alzheimer’s Management By Albumin Replacement study (modified from

reference 75). LS = least square

subgroup analysis based on MMSE severity at baseline found that the
mild AD group (MMSE 22 to 26) did not decline over the study period,
with or without treatment (Table 3). In the moderate AD group (MMSE
18 to 21), the placebo group (n = 26) showed a marked decline on both
ADAS-Cog (6.4 + 1.3 points) and ADCS-ADL (-14.1 + 2.7 points) while
in the TPE groups the decline was less on both measures (Table 3).
When the three treatment groups were combined (n = 83) the mean
decline on both ADAS-Cog (2.6 + 1.1 points, P = .05) and ADCS-ADL
(—5.5 + 1.3 points, P = .002) was significantly less compared to the
control group (Figure 2). At the AAIC 2019 conference, it was reported
that the Clinical Dementia Rating-Sum of Boxes (CDR-SB) and the

Alzheimer’s Disease Cooperative Study-Clinical Global Impression
of Change (ADCS-CGIC) scales declined significantly less rapidly in
the pooled TPE groups than in placebo-treated patients.*” In both
conventional and low-volume plasmapheresis groups, a saw-tooth
profile was observed for plasma Ag levels.*”

6.2 | Plasma infusion with young plasma

A 14-week, double-blind, placebo-controlled, cross-over study
(PLASMA, NCT02256306) at Stanford University evaluated the safety
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and tolerability of infusions of young fresh frozen plasma (from donors
of 18 to 30 years of age) in nine patients with mild-to-AD patients.4
Infusions (250 mL) of plasma or placebo (saline) were given once aweek
for 4 consecutive weeks and treatments were separated by a wash-out
period of 6 weeks. A further group of nine AD patients received a 4-
week treatment with young fresh plasma in open-label conditions. One
patient in the open-label, fresh plasma cohort discontinued treatment
for urticaria during plasma infusion. Another patient in the cross-over
cohort discontinued participation because of an unrelated stroke
that occurred during the end of the wash-out period after placebo
infusions. There were no related serious or severe adverse events.
The most common adverse events in the plasma treatment group
included hypertension (18%), dizziness (12%), sinus bradycardia (18%),
headache (18%), and sinus tachycardia (18%) but the frequencies of
these adverse events were not significantly different from those in the
placebo cohort. Plasma infusion recipients demonstrated statistically
significant improvements compared to placebo on functional measures
(Functional Activities Questionnaire [FAQ] and Alzheimer’s Disease
Cooperative Study Activities of Daily Living Inventory in mild cognitive
impairment [ADCS-MCI-ADL]) but not on cognitive (Alzheimer’s
Disease Assessment Scale-Cog 13-item version [ADAS-Cogl3]),
behavioral (Neuropsychiatric Inventory-Questionnaire [NPI-Q]) or
clinical global ( CDR-SB) measures. However, P values were not cor-
rected for multiple comparisons. In terms of functional brain imaging,
functional magnetic resonance imaging (fMRI) analyses did not detect
significant effects of plasma administration on the overall structure of
10 resting-state networks. However, plasma administration produced
a significantly mean lower z-score inside the networks compared with

the baseline.

6.3 | Plasma infusion with plasma fractions

The rationale for using a plasma protein fraction is based on several
factors. Although plasma is widely used, there are risks such as the
potential transfer of pathogens, histo-incompatibility, and allergic reac-
tions to proteins such as clotting factors and immunoglobulins. Safer
products have been developed by pooling plasma from multiple dona-
tions, fractionating the plasma into more defined products, and includ-
ing additional processing steps to minimize the potential for pathogen
transmission. The investigation of plasma fractions in AD is also sup-
ported by the theory that there are specific components of plasma that
actually drive beneficial functions in aging.

GRF6019 is a human plasma protein fraction depleted of coagula-
tion factors and gamma globulins and containing about 400 proteins
believed essential to the beneficial effects of whole plasma. GRF6019
is being developed by Alkahest (San Carlos, California) in collabora-
tion with Grifols (Barcelona, Spain). No data on GRF6019 have been
fully published and all the information available is from conferences or
company press releases. In animal models of human aging, GRF6019
was claimed to enhance neurogenesis, improve age-related deficits
in learning and memory, and reduce neuroinflammation.*® Studies per-
formed in aged mice at Alkahest compared intermittent dosing with

plasma fractions (two to three times per week for up to 12 weeks)
with pulsed dosing (daily infusion for 5 to 7 consecutive days). Pulsed
dosing was found to be superior to intermittent dosing on behavioral
and neurogenesis endpoints. Benefits after pulse dosing lasted up to
3 months, demonstrating that continuous dosing was not required in
mice.*8 A 24-week, dose-range finding study (NCT03520998) evalu-
ated the safety and tolerability of two intravenous dose regimens of
GRF6019 (100 or 250 mL each day for 5 consecutive days adminis-
tered at Week 1 and at Week 13) in 52 subjects with mild-to-moderate
AD.*? Forty subjects completed both dosing periods. The most com-
mon adverse events were mild headaches, infusion site reactions, tran-
sient lab abnormalities, and transient blood pressure changes. There
were two serious adverse events; one was a hypersensitivity reac-
tion assessed related to GRF6019, while the other was related to a
history of deep venous thrombosis (a pre-existing condition). Com-
pared to baseline, subjects receiving GRF6019 had no decline in cog-
nition, as measured by the 11-item AD ADAS-Cogl11 and the MMSE,
and negligible declines in function by the AD Cooperative Study Activ-
ities of Daily Living scale 23-item version (ADCS-ADL23), and the
CDR-SB score. A 9-week, double-blind, placebo-controlled Phase 2
study (NCT03765762) is currently ongoing with the aim of evaluating
the safety and tolerability of short-term treatment with intravenous
GRF6019 (250 mL each day for 5 consecutive days) in 20 patients with
severe AD (MMSE score between 0 and 10 at baseline). The study is
still recruiting patients. Alkahest, and its collaborator Grifols, expect to
announce results during the second half of 2020. This is a singular study
because patients at more advanced stages of AD are rarely included in
clinical trials, and this novel approach could provide a novel treatment
option for these individuals. A Phase 3 trial is being planned.

7 | CLINICAL PERSPECTIVES

Plasma replacement studies in transgenic mouse models of AD sug-
gest that factors present in the circulatory system can either worsen or
attenuate brain pathological hallmarks and cognitive performance.38
However, observations in mouse models of AD do not necessarily
translate to humans, particularly because the models used miss some
critical aspects of the disease (such as neurofibrillary tangle formation
and neuronal death), and there has been no systematic work to opti-
mize the experimental conditions of TPE (duration of heterochronic
parabiosis, frequency, duration, and volume of plasma administration).
Nevertheless, these studies are important because they provide the
first demonstration that plasma exchange has potential therapeutic
effects.

Initial clinical results obtained with TPE in AD patients are encour-
aging but we must point out that there are several methodological
limitations that could undermine the results and their applicability to
larger AD groups. Limited sample size of the available studies may have
impacted the homogeneity of treatment groups at baseline, favoring
(by chance) specific treatment arms. This is true also for the AMBAR
study that randomized a more consistent group of patients (n = 347)
but adopted a complicated study design involving four treatment
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groups and two study phases. In addition, AD patients enrolled in TPE
studies may not be representative of general AD population because
of several adopted exclusion criteria (such as abnormal coagulation
parameters, hypohemoglobinemia, bradycardia, increased risk of aller-
gic reactions). Most importantly, it should be noted that these initial
studies, including the AMBAR trial, did not require biomarker-proven
brain Ap deposition (either by Ap-PET or CSF Ap42 levels) at entry. In
the AMBAR study, 28% of screened patients did not show evidence

of Ap brain deposition, meaning that these patients had an underly-
ing reason for their dementia other than AD. Additional analysis should
be conducted in this subgroup of patients to verify if their response to
TPE was similar to patients with biomarker evidence of brain Ag depo-
sition. Another important question regards protection of the study
blind and the appropriateness of control groups. It is unclear if sham
plasma exchange procedures adequately maintain blindness because

they use lower volumes than the real procedure and it is known that
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plasmapheresis triggers a consistent physiological response, including
a lowering of body temperature. Future studies should consider all
the above described limitations; should be of adequate length (12 to
18 months); and, most importantly, better preserve the blind.

An important question is whether Ap clearance is the mechanism
through which TPE has produced initial positive cognitive and func-
tional effects in AD patients. It could be that positive effects are due
to the removal of detrimental elements present in the plasma of the
AD patients (eg, f2-microglobulin and/or eotaxin) or the supplemen-
tation of beneficial elements present in the plasma of young donors
(eg, growth differentiation factor 11, granulocyte-macrophage colony-
stimulating factor, growth hormone releasing hormone, osteocalcin,
oxytocin or tissue inhibitors of metalloproteinases 2, clusterin). It is
still unclear how young plasma or plasma enriched with albumin may
exert an effect. Beneficial proteins or neuroprotective factors may
enter the brain through the blood-brain barrier and/or at sites lack-
ing a functional barrier, and/or may interact with endothelial cells to
modulate neurovascular functions. Alternatively, inflammatory media-
tors, antibodies, reactive oxygen species or senescent factors, or patho-
logical microorganisms present in the plasma of the AD patient may
be removed during the exchange process (Figure 3). So far, few stud-
ies have investigated in humans or in animal models the effect of the
systemic administration of selected plasma components. Future stud-
ies need to clarify mechanisms for any beneficial effects of TPE to bet-
ter define its therapeutic potential.

Although TPE is safely used in some neurologic diseases,> clini-
cal complications are described and should be expected.>! Therapeutic
plasma exchange in AD patients has to be considered with additional
caution because the elderly subjects involved will be particularly sensi-
tive to complications. Common risks include acute lung injury, circula-
tory overload, and allergic and/or anaphylactic reactions. Less common
risks include transmission of infections, febrile nonhemolytic transfu-
sion reactions, red blood cell alloimmunization, and hemolytic trans-
fusion reactions.>© Although the majority of these adverse effects are
not lethal and are adequately managed in clinical practice, if TPE can be
effective in AD patients it will be important to identify the key factors
responsible, as they might lead to the development of molecule inter-

ventions with a better efficacy/risk profile.

8 | CONCLUSIONS

Initial clinical studies with TPE using young plasma or young plasma
enriched with albumin and/or immunoglobulin or selected plasma frac-
tions have raised hopes for the management of both mild-to-moderate
and severe AD patients. This is because clinical studies with TPE have
been conducted in patients with established AD, a group of patients
that has during the last 5 to 10 years been excluded from experimental
trials with potential disease-modifying drugs while the candidates
that had already failed in established disease were tested in subjects
with prodromal AD or even cognitively normal subjects at risk of
developing AD. Thus, effective therapies in patients with frank AD
are much needed. While initial results are encouraging, they are from

small pilot studies that suffer methodological limitations such as a lack
of real control groups and double-blind conditions. In addition, the
higher frequency of drop-out in patients undergoing TPE compared to
controls, may have led to overestimation of the beneficial effects; it is
well known that in controlled AD trials discontinuing patients are gen-
erally those with the worst cognitive and functional performance and
concomitant morbidity. Larger, longer, and fully blinded studies in AD
patients with biomarker-confirmed brain Ap pathology are needed in
the future to confirm the real clinical potential of TPE in AD. The issues
of potential adverse effects and medical feasibility of chronic TPE in
the particularly sensitive patient population represented by elderly

people with established dementia need to be carefully considered.
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