Neurotherapeutics (2019) 16:675-684
https://doi.org/10.1007/513311-019-00746-z

REVIEW

®

Check for
updates

Plasma-Based Strategies for Therapeutic Modulation of Brain Aging
Viktoria Kheifets ' - Steven P. Braithwaite

Published online: 3 June 2019
© The American Society for Experimental NeuroTherapeutics, Inc. 2019

Abstract

Age is the primary risk factor for the vast majority of disorders, including neurodegenerative diseases impacting brain function.
Whether the consequences of aging at the biological level can be reversed, or age-related changes prevented, to change the
trajectory of such disorders is thus of extreme interest and value. Studies using young plasma, the acellular component of blood,
have demonstrated that aging is malleable, with the ability to restore functions in old animals. Fascinatingly, this functional
improvement is even observed in the brain, despite the blood-brain barrier, indicating that peripheral sources can effectively
impact central sites leading to clinically relevant changes such as enhancement of cognitive function. A plasma-based approach is
also attractive as aging is inherently complex, with an array of mechanisms dysregulated in diverse cells and organs throughout
the body leading to disturbed function. Plasma, containing a natural mixture of components, has the ability to act multimodally,
modulating diverse mechanisms that can converge to change the trajectory of age-related diseases. Here we review the evidence
that plasma modulates aging processes in the brain and consider the therapeutic applications that derive from these observations.
Plasma and plasma-derived therapeutics are an attractive translation of this concept, requiring critical consideration of benefits,
risks, and ethics. Ultimately, knowledge derived from this science will drive a comprehensive molecular understanding to deliver
optimized therapeutics. The potential of highly differentiated, multimodal therapeutics for treatment of age-related brain disor-
ders provides an exciting new clinical approach to address the complex etiology of aging.
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Introduction

Aging is a multifactorial progression of dysfunction through-
out the body, reflected in a range of biological processes that
go awry, having far-reaching consequences for health and
quality of life. Age is also the major risk factor for virtually
all disorders, notably cardiovascular disease, diabetes, and
dementias including Alzheimer’s disease (AD). Therefore, if
the mechanisms of aging can be understood, and therapeutics
developed to change the underlying aging mechanisms, there
is potential to tremendously impact health of the world’s in-
creasing elderly population. Mechanisms relevant in aging
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have been considered to fall into eight categories as reviewed
in [1]: mitochondrial dysfunction, cellular senescence,
proteostasis deficits, chromosomal instability, epigenetic
changes, inflammation, metabolic deficit, and stem cell ex-
haustion. Whether just modulating one of these underlying
dysfunctions is sufficient to be efficacious in age-related dis-
ease, or if there is requirement to impact multiple of these
critical mechanisms, is fundamental in developing therapeutic
strategies. Positing that the greatest impact will be gained from
the broadest intervention provides the conundrum of how this
could be therapeutically achieved. The presence of a single
molecular target hub that underlies all these mechanisms is
highly unlikely, and therefore, a polypharmacy approach
would have to be invoked. The difficulty in developing com-
bination products makes a cocktail of individual therapeutics
also very complicated, and thus, the application of natural
cocktails is appealing. In recent times, consideration of plas-
ma, the acellular component of blood, and its potential to
rejuvenate processes throughout the body, including the brain,
has become resurgent and fulfills many criteria which may be
beneficial for efficacy in age-related diseases [2]. Plasma is a
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natural mixture of thousands of components, proteins, pep-
tides, RNA, lipids, etc. and can subserve the role as a natural
cocktail. The concept of manipulations of blood being of ben-
efit is also not new: bloodletting has gone back hundreds of
years, and blood’s healing properties abound in folklore and
early medical practices [3]. The use of blood transfusions to
rejuvenate has roots going back to the 1900s (reviewed in [4,
5]). The history of this approach has however been littered
with dire consequences, particularly in times preceding the
understanding of blood groups and infective agents, with
death from adverse reactions or acquired infection being not
uncommon. Now is a time to revisit the potential of plasma or
plasma-derived products as therapeutics with a true scientific
basis, with a requirement to be intensely aware of safety and
ethical considerations, towards developing a wholly new par-
adigm for treating age-related disorders.

The Science of Plasma in Aging

The modern science that has led to a renewed interest in plas-
ma as a therapeutic source came from the technique of para-
biosis, the surgical connection of two animals leading to their
shared blood supply, first reported in the mid-nineteenth cen-
tury [6]. Heterochronic parabiosis, in which animals of differ-
ent ages are subject to parabiotic pairing, advanced the field to
the first scientific demonstration of beneficial properties of
young blood to extend life span [7]. Advances in animal strain
inbreeding and surgical optimization have allowed for more
robust parabiosis techniques and the expanded use of this
methodology to study a wide range of biological processes
[8, 9]. Benefits of a young circulatory system have been dem-
onstrated in muscle and liver [10], pancreas [11], heart [12],
and other organs through heterochronic parabiosis. The inti-
mate connection of blood with these peripheral organs makes
the appreciation of efficacy rational. However, it was unex-
pected for heterochronic parabiosis to have effects in the brain
due to the blood-brain barrier (BBB) which is understood to
restrict blood’s access to the central nervous system [13—15].
Despite this apparent limitation, studies using heterochronic
parabiosis demonstrated that the older heterochronic parabiont
can detrimentally affect centrally mediated behaviors and as-
sociated histology in the brain of the younger parabiont [16].
Notably, these effects included a reduction in neurogenesis in
the dentate gyrus of the young parabiont, as measured by
doublecortin immunostaining, and an increase in
neurogenesis in the older parabiont indicating that the con-
nected circulatory systems can induce bidirectional changes
in important central processes dependent on the age of the
animal [16]. Similarly, investigating the subventricular zone
in heterochronic parabionts has demonstrated bidirectional
modulation of stem cell populations (detected by Sox2 and
Ki67 immunoreactivity), leading to subsequent changes in
olfactory neurogenesis [17]. Further effects have been
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identified including electrophysiological deficits in long-
term potentiation in the young parabiont [16] and enhance-
ment in the old parabiont [18], increases in blood vessel vol-
ume and branching in old parabionts [17], and increases in
spine density and immediate early gene activation in old
parabionts [18]. These multiple mechanistic changes observed
in heterochronic parabiosis experiments impact a number of
the hallmarks of biological aging indicating broad antiaging
biology [1]. Assessing behaviors in parabiotically connected
animals is difficult, but studies have shown effects on olfac-
tory discrimination [17]. Further understanding has been
achieved using heterochronic blood administration, rather
than parabiotic connection, in order to focus on purely the
circulatory component and separate potential confounding
factors of additionally shared organ functions between ani-
mals [19]. In the shorter temporal profile of these studies (days
compared to weeks), profound effects of old blood are ob-
served in the young brain, with marked reduction in
neurogenesis in the subventricular zone, but less profound
positive effects are seen in old animals with blood from the
young animals [19]. These findings, although from limited
sample sizes, are intriguing on the rapid ability to modify
proliferative processes in the brain and present the possibility
of differential relative effects of detrimental and beneficial
blood components with temporal complexity.

Parabiosis and blood exchange experiments demonstrated the
potential to modulate central processes through connected circu-
lation, but there is a potential for both cells and plasma to be
shared with an additional complication of limited behavioral as-
sessment being possible due to physical joining of the two ani-
mals. This complex interplay and biology in the parabiotic
pairing makes conclusive determination of mechanisms underly-
ing efficacy difficult to interpret and therefore additional studies
were needed. In-depth studies demonstrated that there is likely no
stem cell contribution from the young parabiont to the old animal
[10, 16] despite sharing of the circulation between the pair [20],
suggesting that circulating soluble factors are responsible for both
beneficial and detrimental effects in these animals. To further
assess the contribution of soluble plasma factors separately from
the whole organism, injections into young animals of plasma
derived from old mice were performed and showed that equiva-
lent histological effects to those observed in the young parabiont
were produced [16]. Conversely, young plasma injections into
old animals also showed similar cellular effects in the brain to
those seen in old parabionts [18]. These experiments demonstrate
that plasma contains detrimental and beneficial components
which alter aging processes, thus decoupling the effect of cellular
and organ contribution of the other parabiont from the effect of
transferred plasma factors. Nonetheless, circulating plasma fac-
tors may be either directly or indirectly affecting the brain; for
example, action on peripheral organs may have subsequent ef-
fects centrally. Furthermore, the infusion of plasma allows explo-
ration in multiple behavioral paradigms. Old plasma infused into
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young mice inhibits performance in the radial arm water maze
(RAWM) [16], and young plasma infusion into old mice en-
hances performance in the RAWM, contextual fear conditioning,
and novel object recognition tests [18, 21]. This has been extend-
ed further using human plasma derived from the umbilical cord
which also imparts cognitive benefits including in the Barnes
maze test [22]. Many of the histological correlates observed in
parabiosis experiments were also observed in these studies [16,
18], although neurogenesis enhancements in the old brain after
young plasma infusions have thus far not been reported.

The basic finding of cognitive and histological improve-
ments with young plasma in aging has been extended further
into disease models. As AD is the major age-related disorder of
cognitive function, the use of parabiosis and young plasma
infusions into amyloid precursor protein (APP) overexpressing
mice was investigated [23]. In APP mouse parabionts joined to
young wild-type animals, there was no effect on amyloid-f3
levels, but the APP animals’ synaptophysin and calbindin levels
were normalized to nontransgenic levels indicative of synaptic
improvements, coupled with normalization of important signal-
ing pathways [23]. The presence of soluble plasma factors re-
sponsible for the efficacy in heterochronic parabiosis was con-
firmed with young plasma infusions into APP transgenic mice,
which produced comparable synaptic effects as seen in parabi-
osis, as well as improvement in cognitive function assessed
with Y maze and contextual fear conditioning (CFC) tests
[23], demonstrating that young plasma can also enhance CNS
function in a severely dysregulated disease environment. These
data build on prior studies of the peripheral sink hypothesis [24]
and with isochronic parabiosis pairing of APP/PS1 transgenic
mice with wild-type animals showing reduction in amyloid-
related pathology in the brain [25], which together demonstrate
that plasma is an important compartment for modulating AD-
relevant biology. Importantly, the plasma infusion experiments
further show that there are soluble factors that can act from the
periphery for functional benefit in the CNS.

How plasma proteins can exert central effects remains an
open question. A few proteins may efficiently cross the BBB
directly [22], although many others are also detected in central
compartments from peripheral sources at low levels [26].
Breakdown of the BBB is associated with neurological dis-
eases, cognitive impairment, and processes of aging, and it is
possible that due to this impairment [27], further proteins found
in blood can find their way into the CNS and exert their effect.
However, to date, there have been no studies directly addressing
this hypothesis and at least some of the biological effects seen in
the brain may be due to peripheral sites of action [28].

Chronokines—Key Drivers of Function That Change
with Age

The findings of young plasma efficacy in aging are enticing
but raise the question of the molecular basis—presumably,

individual plasma factors can be identified that underlie ben-
eficial and detrimental activity observed in heterochronic
parabiosis and plasma infusion experiments. This molecular
understanding can provide the scientific underpinnings for
therapeutic modulation of aging processes and diseases of
aging.

Many studies have shown that levels of plasma proteins
change over aging [29-32], though their identification does
not discern whether they are merely biomarkers, passive indi-
cators of change, versus critical drivers of the aging process
and thus biologically highly relevant in the search for bioac-
tive components in parabiosis or plasma infusion experiments.
Furthermore, specific proteoforms may change over aging
with altered post-translational modifications or other factors
that can affect their activity. We have termed these proteins
chronokines—biological drivers of function that change with
aging. In a reductionist simplification of age-related proteomic
changes in plasma, aged blood contains increased levels of
negative, detrimental chronokines, while young blood con-
tains positive, beneficial chronokines which decrease during
the course of aging (Fig. 1). The balance of these factors
determines systemic functions and biological aging processes.
There are of course exceptions to this simplified view with
some chronokines serving compensatory functions, and thus,
the increase in their levels over aging may be viewed as ben-
eficial [12, 33, 34]; nonetheless, the balance of chronokine
activity can determine biological state.

Multiple groups have undertaken proteomic analysis of
plasma across the life span, and several candidate chronokines
that impact the brain neurogenic niche and central functions
have been characterized (Table 1). The identification of these
chronokines and examination of their functional implications
is helping to further elucidate mechanisms of relevance driv-
ing cognitive benefit by young plasma and deficits in brain
function mediated by old plasma. The detrimental
chronokines (32 microglobulin (B2M) and eotaxin have been
described to increase with aging, and their delivery or overex-
pression in young animals can lead to cognitive dysfunction
[16, 35]. Importantly, the removal or neutralization of these
proteins can have beneficial effects on central processes—
knockout of B2M improves cognitive function in aged ani-
mals in the RAWM test and results in increased neurogenesis,
specifically in aged animals [35]. Antibody-mediated neutral-
ization of eotaxin can also reverse the eotaxin-mediated detri-
mental effects on neurogenesis. Further negative chronokines
are likely to be identified as many proteins change with age
and there are strong effects of old plasma on function in young
animals. Beneficial chronokines present in young plasma have
also been described, notably tissue inhibitor of metalloprotein-
ases 2 (TIMP2), colony-stimulating factor 2 (CSF2), growth
differentiation factor 11 (GDF11), and osteocalcin (OCN).
TIMP2 has a canonical function as an inhibitor of matrix
metalloproteins and is found at higher concentration in
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Fig. 1 From chronokines to
therapeutics: a molecular
understanding of the changes in
the chronokines—plasma protein
components that drive function
over aging—Ileads to therapeutic
targeting strategies

Amount in Plasma

Age

umbilical cord plasma relative to adult plasma. Its injection
into old animals resulted in enhanced cognitive performance
in the Barnes maze and enhancement in the neurogenic niche
[22]. GDF11, a member of the BMP/TGF-f3 family, has been
shown to have regenerative effects in hypertrophic cardiac
muscle [12] and increased brain blood vessel volume and
the number of Sox2+ cells in the subventricular zone [17],
although there has been notable debate about this factor due
to the tools used for its identification and for interrogating its
effects in aging processes [33, 36-38]. OCN is a bone-derived
hormone which also drives beneficial effects on central pro-
cesses. OCN, signaling through Gpr158, has been demonstrat-
ed to be of benefit through complementary studies using
knockout mice, antibody depletion, and protein infusion on
endpoints of memory using novel object recognition, Morris
water maze tests, and anxiety behaviors using the elevated
plus maze [21]. Further beneficial chronokines will be identi-
fied with the use of innovative technologies. Insights are al-
ready being gained into potential positive chronokines in pe-
ripheral tissues, for example, using bio-orthogonal proteome
labeling in heterochronic parabiosis which identified multiple
factors in old muscle exposed to young blood [26].

The study of individual proteins with diverse known func-
tions, such as growth factors, cytokines, and protease modu-
lators, affecting centrally relevant processes suggests their im-
portance in the regulation of downstream mechanisms. While
there is considerable discussion regarding the presence and
implications of human adult neurogenesis [39-42], the effect
of aging on the rodent neurogenic niche is well established
[43-46]. Stem cell harboring neurogenic niches in the
subventricular zone and the dentate gyrus are most susceptible
to acute and chronic stressors such as inflammation, aging,
and metabolic dysregulation [47], and therefore, changes in
neurogenesis are a sensitive biomarker of aging and rejuvena-
tion mechanisms. The regenerative capacity of the neurogenic
niche is impacted by complex physical interactions with the
surrounding vasculature and it is greatly influenced by chang-
es in peripheral and CNS inflammation, intercellular signaling
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via exosomes, organismal stress, and the relatively recently
discovered glymphatic system [47—-54]. Neurogenesis decline
with aging is further exacerbated in disease states such as AD
and depression [55, 56], and modulation of neurogenesis is at
least in part responsible for the therapeutic effect of selective
serotonin reuptake inhibitors (SSRIs) and exercise (reviewed
in [57]). Findings that several individual chronokines could
impact the neurogenic niche and modulate age-dependent
levels of neurogenesis, regardless of their primary biological
mechanism of action, further highlight the multifactorial com-
plexity of aging processes. Whether these factors directly im-
pact the brain neurogenic niche, or have an indirect peripheral
effect, is yet to be determined. It is likely that both mecha-
nisms are physiologically relevant, and possibly necessary, to
reset the clock of aging. The role of plasma and systemic
factors in relation to neurogenesis has been thoroughly
reviewed recently, indicating the importance of this biology
[58]. Although in vivo effects of single chronokines in isola-
tion have been demonstrated, it is doubtful that one central
protein can account for all the activity observed with plasma
manipulations or be driving detriment or benefit alone, as
these are highly multifactorial processes that involve many
cell types, environments, and tissues. Nonetheless, the identi-
fication of individual chronokines is a critical step in under-
standing the molecular basis of plasma-mediated biology and
can provide strong rationale for therapeutic strategies.

Therapeutic Translation

The above described studies in mice have clearly demonstrat-
ed great potential of plasma, and individual chronokines, to
reverse age-related processes resulting in cognitive improve-
ments. However, it is well known that many therapeutics have
demonstrated cognitive benefit in mouse models yet not trans-
lated to efficacy in man, particularly in the field of AD [59].
The potential reasons for this are multiple, including different
biological mechanisms between species, only partial model-
ing of complex human biology in mice, and basic lack of



Plasma-Based Strategies for Therapeutic Modulation of Brain Aging 679
Table 1 Identified chronokines that impact the brain neurogenic niche and central functions

Chronokine Protein ID Function References
[32-Microglobulin B2M Detrimental [35]
Eotaxin CCL11 Detrimental [16]
Growth differentiation factor 11 GDFl11 Beneficial [17]
Granulocyte-macrophage colony-stimulating factor CSF2 Beneficial [22]
Growth hormone-releasing hormone GHRH Beneficial [77]
Insulin-like growth factor 1 IGF1 Beneficial/detrimental [78-80]
Osteocalcin OCN Beneficial [21]
Oxytocin OXT Beneficial [81]

Tissue inhibitor of metalloproteinases 2 TIMP2 Beneficial [22]

understanding of disease pathogenesis. Considering aging as a
therapeutic target obviates some of these translational compo-
nents, as there is no bias towards a predetermined mechanistic
hypothesis and many fundamental aging mechanisms are
common between species [1]. Animal studies have begun to
show that the human plasma proteome can act on murine
biology to have procognitive efficacy through the ability of
human umbilical cord plasma to exert effects in immunocom-
promised mice [22]. Nonetheless, the ultimate goal is to re-
verse aging processes and improve function via human plasma
in man. Due to concerns of umbilical cord plasma being lim-
ited and hence not feasible for widespread utility, as well as
potentially inducing biological changes more consistent with
developmental processes, utilization of adult plasma is pre-
ferred. The amounts of cord blood collected (average of
60 mL per donation, 1 time event) compared to adult plasma
donations (~800 mL for plasmapheresis donations, twice a
week) [60] make adult plasma a more feasible source for ben-
eficial chronokines. Controlled clinical trials are a necessary
step to ensure that this is truly safe and effective.
Consideration of such approaches is certainly warranted as
there are multiple conceivable ways to achieve the
multimodality that may be necessary in the complex biology
of aging. The preclinical science driving the appreciation of
chronokines leads to several potential therapeutic approaches
to return the plasma proteomic composition towards an opti-
mal state and stop, or ameliorate, age-related disorders (Fig.

1.
Plasma as a Therapeutic

The simplest translation of parabiosis and plasma transfusion
experiments is to administer young plasma on a regular basis
to elderly subjects. Plasma is readily available, and the blood
donation system is well developed throughout the world, pro-
viding multiple components—red blood cells, plasma, and
platelets—that fulfill a critical need for a range of patients.
Plasma can be stored frozen for up to 1 year; categorized for

clinical use are fresh frozen plasma (FFP), frozen within 8 h of
collection, and plasma frozen within 24 h of phlebotomy
(PF24). However, the routine use of these plasma units in
the clinical setting is limited to only acute needs. Current
evidence-based clinical practice only supports plasma utiliza-
tion for large-volume transfusion and reversal of warfarin
anticoagulation in the presence of intracranial hemorrhage
[61]. These limitations relate to the potential risks of plasma,
particularly with respect to immunological reactions. It is well
established that plasma and blood transfusions require cross-
matching of blood types for the ABO and rhesus (Rh) epitopes
to avoid life-threatening complications [62]. However, a range
of additional histocompatibility components must also be con-
sidered, and it is not possible to screen for all components. At
this time, even the routine screening of Rh types is limited
only to the D-antigen, yet over 50 Rh epitopes have been
characterized. Beyond ABO/Rh antigens, the H-system,
Lewis antigens, and many others exist and over 300 antigens
are recognized [63]. The antibodies to these antigens present
in plasma are often only relevant in a subset of patients, and
thus, their consideration in the current plasma transfusion set-
ting is minor; however, as potential extension of plasma infu-
sions into a broader aging population is considered with fre-
quent doses, even rare epitopes may cause issues and the well-
being of all individuals must be considered. Other risks of
transfusions relate to transmission of infectious diseases—
hepatitis B, hepatitis C, and human immunodeficiency virus
(HIV) having all been major issues historically in the blood
and plasma transfusion industry [64]. In current practice, these
risks have been reduced to near negligibility through donor
screening, donation testing, and pathogen inactivation proce-
dures, but there is a residual risk and new viruses coming into
the donation stream can be of concern as exemplified by Zika
[65]. Other noninfectious complications of concern include,
among others, transfusion-related acute lung injury (TRALI)
and transfusion-associated coronary overload (TACO) [66], as
well as allergic reactions. The potential benefits of whole plas-
ma need to be carefully weighed against the potential risks

@ Springer



680

V. Kheifets and S. P. Braithwaite

(Fig. 2). Recognizing these risks, the Federal Drug
Administration (FDA) issued a statement cautioning the use
of young plasma infusions for unapproved conditions outside
of controlled clinical trials [67]. Safety and ethical consider-
ations must be paramount as we consider translating the po-
tential of the biology observed in mouse models to man.

As an initial step towards understanding potential viability
of plasma transfusions in aging, and to learn the scope of such
approaches, a controlled clinical study has been performed to
assess the safety and tolerability of repeated plasma infusions
into mild-moderate AD patients [68]. In this study, 250-mL
units of FFP from 18- to 30-year-old male donors were in-
fused into elderly AD patients, once per week for 4 weeks.
The infusions were ABO and Rh matched and primary end-
points demonstrated no serious adverse events, a few mild-
moderate adverse events including hypertension, dizziness,
and headache, but generally good adherence to the protocol.
Intriguing exploratory endpoint analysis indicated a functional
improvement in activities of daily living for treated subjects
even in the short timeframe of this investigation, although it
must be recognized that this is a small, low-powered study
[68]. These results encourage that there can be translation
from animal studies to man, but still caution is required to
extend these findings more widely.

Plasma Fractions as Therapeutics

Considering the safety concerns of repeated whole plasma
infusions and the logistical complexities required in cross-
matching blood type and use of frozen plasma units, alterna-
tive approaches also need to be considered. The preclinical
studies reported to date infer that multiple proteins drive var-
ious mechanisms, but this certainly does not mean that all the
proteins present in plasma are required for a therapeutic effect.
Therefore, a subset of proteins that drive efficacy could be
isolated by removing additional proteins that can lead to safety
concerns. The blood product industry has indeed developed
methodologies to take source plasma donations and fraction-
ate pooled plasma into more defined components to provide a
series of plasma-derived therapeutic products—giving the ad-
vantage of industrial processes that can scale, introduce addi-
tional safety measures, and provide multiple therapeutics from
each donation. This is exemplified by the generation of
clotting factors such as factor VIII for hemophiliacs, immuno-
globulins such as intravenous immunoglobulin (IVIG) for a
range of disorders, and albumin for volume replacement. It is
appealing that a procognitive, antiaging fraction may be iso-
lated in addition to these other critical products, while also
removing factors which may be counterindicated in aged sub-
jects, such as those involved in coagulation.

The collection of source plasma for fractionation generally
uses plasmapheresis, a process allowing the collection of rel-
atively large plasma volumes per donor (600-900 mL) and
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with a higher frequency than whole blood donations (up to
twice per week for plasmapheresis compared to once every
56 days recommended by the Red Cross for whole blood).
The profile of plasma donors in the USA leads to an average
age of donors in the early 30s and hence young compared to
the recipients considered for age-related disorders. Plasma
collected from thousands of donors can be pooled to generate
arelatively homogeneous profile that then undergoes fraction-
ation, primarily driven by proteins having differential precip-
itation properties with temperature, ethanol concentration, and
pH. The most utilized methodology involves the basic princi-
ples of the Cohn process [69], but alternative precipitations
and processing can also be utilized [70]. Importantly, as prod-
ucts are generated from pools, and when immunoglobulins are
removed, immunogenic properties are significantly reduced
leading to many plasma products being universally applicable
without the need for blood type matching. Screening for in-
fectious agents at multiple points, along with incorporation of
dedicated steps in the manufacturing processes to inactivate or
remove potential pathogens, generates products with a safer
profile for patients than FFP. Transfusion-related risks of plas-
ma fractions remain due to the potential to drive immunolog-
ical reactions through the large number of human proteins
remaining in the mixture, and hence, TRALI and TACO re-
main as potential issues. However, as the complexity of the
mixture is simplified to identify the drivers of antiaging effi-
cacy, those risks should significantly diminish (Fig. 2).

Our understanding of potential plasma fractions that would
be beneficial for aging and age-related disorders is evolving
and will continue to develop as more is understood of the
molecular drivers of efficacy. The most studied plasma frac-
tion for age-related cognitive disorders to date has been IVIG.
Studies with IVIG have progressed from preclinical animal
models to phase III clinical testing in AD. A primary hypoth-
esis behind the use of IVIG is that there are natural antibodies
to detrimental proteins, such as Af3, a key protein in AD, and
thus, IVIG use may neutralize and remove these for therapeu-
tic benefit. The concept of IVIG administration has been test-
ed in a phase 3 trial in mild to moderate AD but demonstrated
no beneficial effects in the coprimary endpoints of
Alzheimer’s Disease Assessment Scale-cognitive subscale
(ADASCog) and Alzheimer’s Disease Cooperative Study-
Activities of Daily Living (ADCS-ADL) [71, 72].
Identification of additional detrimental factors and defining
optimal IVIG dosing paradigms may be required for success-
ful application in disorders of aging.

Albumin, the most abundant protein in plasma, is generated
as an important plasma fraction for volume replacement ap-
plications. Albumin has been demonstrated to bind specific
forms of A3, and thus approaches to actively remove Af3-
bound albumin and supplement with fresh albumin-
containing plasma fractions could have therapeutic benefit in
AD [73]. One study has investigated this concept, using
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Fig. 2 Therapeutic approaches from plasma: advantages and disadvantages of opportunities to be considered in advancement of therapeutics for age-

related disorders

plasmapheresis to remove detrimental proteins and replacing
with fresh albumin [74]. This concept builds on the amyloid
sink hypothesis capitalizing on the equilibrium between Af3 in
central and peripheral compartments [75]. Encouragingly, pa-
tients undergoing plasmapheresis and albumin supplementa-
tion showed improvement in both the Boston Naming Test
and Semantic Verbal Fluency through treatment [74, 76]. In
addition to supplementing albumin, the plasmapheresis proce-
dure also depletes other plasma proteins, including

detrimental chronokines, thus reducing their negative effects
on the disease state. The impact of their removal cannot be
deconvoluted from the removal of A3-bound albumin due to
the nature of plasmapheresis exchange, but this study provides
the basis for further investigation of both the removal of det-
rimental and replenishment of beneficial chronokines.

As the key drivers of function and dysfunction, especially
those that change with aging, are identified, the potential ex-
ists to develop new plasma fractions optimizing this beneficial
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activity. Such procognitive, or generally beneficial plasma
fractions, would be more defined than whole young plasma
and, through their reduced complexity, will be safer and more
universally applicable.

Individual Proteins as Therapeutic Targets

The ultimate goal is to achieve a molecular understanding of
positive effects observed in preclinical experiments with
young plasma to translate these results to the clinic and human
conditions. With these molecular understandings, a number of
chronokines, functional drivers that change with aging, will be
identified that are critical to modulate the aging process. Both
positive beneficial factors from young plasma and negative
detrimental factors from old plasma can be explored for ther-
apeutic intervention with either supplementation, inhibition,
or depletion. Initial target identification has highlighted some
of these chronokines as discussed previously [17, 18, 21, 35].
How these can be capitalized as therapeutics is already being
considered. Individual positive proteins may be generated
recombinantly and delivered directly, although issues of pro-
tein half-life, post-translational modifications, and stability
need to be considered. Bioactive peptides or peptidomimetics
may also be viable therapeutic options. Negative chronokines
can be removed or inhibited with antibodies, or small mole-
cules can be used to inhibit these proteins or their downstream
signaling cascades. Nonetheless, a perceived challenge of
these approaches is how many proteins will be required to
achieve sufficient efficacy. Presumably, there are a select num-
ber of key chronokines and whether just modulating one in-
dividually will be sufficient is unknown. It is possible that a
cocktail of multiple proteins may be required, or a combina-
tion of supplementing positive factors and inhibiting one or
more detrimental factors will be key to reversing the processes
of aging and age-related diseases. The complexity of regula-
tory pathways for cocktail therapeutics makes this currently a
difficult proposition, but an openness to the need for such a
broader approach and evolution in our ability to generate such
combination therapeutics should be considered for the future
(Fig. 2).

Conclusions

Discoveries from the technique of parabiosis have led rapidly
to the consideration and application of the concepts of young
plasma components to treating aging and age-related disor-
ders. The prospect of such therapies, being differentiated from
how the pharmaceutical industry currently thinks about highly
specific molecular targeting, provides innovative ways to treat
age-related disorders. Nonetheless, care needs to be taken in
the application of these therapies from a number of perspec-
tives. Individual young plasma donations have several safety-
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related challenges, but, moreover, the ethical considerations
and limitations of appropriate donors for a potentially huge
target population cannot be underestimated. Extreme caution
needs to be taken in navigating these aspects, and therapies
which are based on rigorous science, deep understanding of
mechanistic targets, and biological processes of aging need to
be developed to ensure an appropriate and ethical application.
In the future, the advancement of plasma fractions can over-
come some, but not all, of these considerations, being inher-
ently safer and more scalable, but still relying on primary
plasma donations. In the long term, consideration of recombi-
nant protein therapies, small molecules, or other modalities
which evolve from the molecular understandings we glean
from plasma-based approaches, can guide us towards a sus-
tainable future. Exciting opportunities from plasma under-
standings, coupled with a strong awareness of ethical consid-
erations, can lead to highly novel therapeutic approaches
transforming how we consider biological aging and the ability
to modulate age-related process for a range of disorders whose
prevalence is rapidly increasing.
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