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Our ability to track the progression of neurological disorders like Parkinson’s disease (PD) is hampered by a lack of
biomarkers, rendering the neuronal changes that underlie clinical symptoms largely a mystery. In this issue of the JCI,
Fanara et al. report the development of an innovative approach to biomarker development. They describe a method to
measure axonal microtubule function via cerebrospinal fluid (CSF) sampling and use this technique to provide evidence of
deficiencies in this process in PD patients. This both sheds light on the pathophysiology of PD and has implications for
the more general problem of developing biomarkers for any brain process.
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Our ability to track the progression of neurological disorders like Parkinson’s disease (PD) is hampered by a lack of biomarkers, rendering the
neuronal changes that underlie clinical symptoms largely a mystery. In
this issue of the JCI, Fanara et al. report the development of an innovative
approach to biomarker development. They describe a method to measure
axonal microtubule function via cerebrospinal fluid (CSF) sampling and
use this technique to provide evidence of deficiencies in this process in
PD patients. This both sheds light on the pathophysiology of PD and has
implications for the more general problem of developing biomarkers for
any brain process.
The problem
The underlying pathologic processes
driving the symptoms of neurodegenerative disease cannot be followed in living
subjects without better biomarkers. The
difficulty in identifying such biomarkers
of disease progression has impeded the
development of therapeutic strategies to
combat it. The study by Fanara et al. on
cerebrospinal fluid (CSF) kinetic biomarkers of axonal transport in this issue of the
JCI marks an important contribution to
the field of measuring difficult-to-assess
brain processes in vivo (1). The authors’
work expands on a series of earlier studies
in murine models that used heavy water
(2H2O) labeling to investigate microtubule dynamics and stabilization by taxanes
with neuroprotective potential (2, 3). Here,
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Fanara et al. systematically developed a biomarker of microtubule function (1), and
their work has implications for the more
general problem of developing biomarkers
for any brain process.
Ideally, in the development of biomarkers
intended for human application, one needs
a model system in which variables can be
controlled and manipulated. Although
genetic or lesion models of human disease
are available, to be clinically relevant, the
direct measures possible in animal brain
coupled to a biomarker analysis must be
translatable to humans. CSF is an attractive sample source. Although technical
issues involved in sampling from mice have
discouraged many groups, Fanara et al.
provide a compelling case that it is possible
to relate a pathologic process in a murine
model to a specific CSF analyte measurable
in mice and humans.
CSF as a biomarker source
To appreciate the potential importance of
a wider application of this strategy of bio-

marker development, we must consider
what traditional human CSF studies have
and have not been able to deliver in the past.
Human CSF has been a source of biomarkers, especially as an index of drug action, for
decades. For instance, antidepressants were
shown to produce hypothesized effects on
CSF amine neurotransmitter metabolites
in the early 1970s (4). The kinetic principles
for interpreting concentrations of analytes
in CSF were established during this same
period, including the use of stable isotopes
(5). Recently, especially in Alzheimer’s disease (AD), discovery proteomic assays have
identified a number of analytes beyond
amyloid-β and phospho-tau, increasing
interest in CSF as a source of biomarkers of
disease (6). Even when robust relationships
can be established between a CSF analyte
and a disease process or drug action, gaps
remain in our knowledge regarding how
best to interpret a concentration change.
Definitive interpretations require more
precise knowledge of the sites of formation
of the analyte as well as the processes that
control its concentration in CSF.
Figure 1 provides a minimal model of the
processes that would need to be quantitatively understood in order to fully interpret
behavior of any CSF analyte. Even with
simplifying assumptions, such as common
rate constants for molecule formation
and movement from all brain tissues into
the CSF, other rate constants are relevant
to our understanding; these include not
only direct egress into peripheral compart-
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low. The rate of 2H2O-labeled appearance
in the CSF of a specific analyte that can be
firmly linked to a specific process in preclinical models and then given some validation in the related human disease may offer
a much higher probability of identifying a
useful biomarker of a specific process, as
the authors propose.
Figure 1
Model of equilibrium processes for any analyte in CSF. The level of any analyte in the CSF is
related to the rate of production (K prod), the rate of egress into the CSF (Kbc), the rate of entry
into brain tissue from the CSF (Kcb), the rate of entry into the periphery from the CSF (Kcp),
the rate of entry into the CSF from plasma (Kpc), the rate of egress from brain to plasma (Kbp),
the rate of entry into the brain from plasma (Kpb), and the rate of elimination from the plasma
(K elim). The model is simplified: rates include all processes, whether passive (diffusion) or
active (release, uptake, or transport depending on tissue and direction), and sites of production
are treated as homogenously distributed through brain tissue.

ments, but any reentry into brain tissue or
CSF, as well as the contribution of peripheral production. Since very large concentration gradients (up to 10,000-fold) of
analytes are observed between blood and
CSF, with the direction depending on the
analyte, the concentration in one compartment has the potential to exert a substantial influence on the other. Thus, a peripheral sink hypothesis has been invoked to
argue that simply binding amyloid-β in
blood with a monoclonal antibody may
deplete brain concentrations in AD (7),
although the rate constants to support
this hypothesis have not been ascertained.
Such concerns are of more than academic
interest, given their relevance to selecting optimal doses for clinical studies. In
the case of monoclonal antibodies for AD
therapy, concentrations in brain — rather
than only in blood — may prove to be the
basis of CNS effects. The interpretation
of negative results from a just-completed
phase III trial of the monoclonal antibody
bapineuzumab (8) may require additional
studies to address the unknown rate constants driving movement of the antibody in
and out of the brain, as well as how it binds
to and clears amyloid-β.
New applications to studies
of human disease
In order to be more confident of our interpretation of the source of alterations in
any CSF analyte, we could initiate a variety of studies in animals and humans to
address the gaps in our knowledge on the
various rate constants shown in Figure 1.
Alternatively, one could radiolabel precursors of prespecified analytes of interest
and track a specific structure or process.
Fanara et al. used this alternative approach
3052

to investigate how selected deuterated
cargo proteins move from the site of synthesis to the site of release via microtubule-mediated axonal transport (1). Briefly, they established in murine models of
neurodegeneration that the rate of appearance of selected deuterated proteins was
delayed in proportion to microtubule disruption, then inferred evidence of altered
microtubule disruption in patients with
Parkinsonism who showed an analogous
delay in appearance of the same proteins
after loading with 2H2O. Similarly, a stable
isotope precursor amino acid, 13C-leucine,
has been used in another context to show
that a γ-secretase inhibitor has a larger
effect on the formation of new amyloid-β
in the CSF than would be concluded if one
measured only the total unlabeled pool, a
finding used to justify doses of that inhibitor for a trial in AD (9).
In the Fanara et al. study, the interpretation of the human data requires that the
study of the animal model, in which abnormal microtubule altered rates of biomarker
appearance, is translatable to humans (1).
Prior to these studies, there was no reasonable way to link alterations in any analyte
that could be measured in CSF or any other
fluid tissue compartment (e.g., blood and
urine) to abnormal microtubule function.
There remains the possibility that some
analyte or combination of analytes could
ultimately also be linked to abnormal
microtubule function, either through correlation with the values generated by the
2H O approach or by another series of pre2
clinical studies. But the likelihood that the
same specific analytes and determinants
of their rates of formation and clearance
would have an analogous relationship to
microtubule function across species seems

Unanswered questions
Some cautions are, however, in order as to
the relative value of this approach versus
comprehensive proteomic and metabolomic studies. Aside from purely quantitative technical issues related to incorporation of 2H2O into any particular analyte,
there are the more fundamental questions
of rates of incorporation and elimination
which require — at a minimum — calculation of the area under the curve (AUC) of
concentration versus time. Fanara et al.
rely on a global measure of protein elimination from CSF to rule out effects on that
process (1), which could miss effects on
analytes that constitute a small fraction of
total protein as well as leave open the possibility that the unexplored determinants
of CSF concentration (Figure 1) have some
influence. In the one patient the authors
describe in whom multiple CSF measures
were available, visual inspection suggested
that not only was the peak time of labeled
cargo protein delayed, but also there was an
increase in the AUC (1). If real, this could
reflect an increased rate of production as
well as decreased efficiency of microtubule
transport and/or a quicker, earlier removal from CSF (e.g., leakage due to injury)
that is saturated, leading to a later peak.
Neuronal injury might affect the rate of
change in the CSF concentration of any
analyte released from that neuron. The
direction of change is not easy to predict,
since damage could increase reentry rate
through leakage or decrease it if an active
process were involved. Rates of formation
of neuronal products may be altered as
well. In animal models, of course, one can
rule out changes in formation rates, as was
done in the present study of toxin effects
on microtubule-mediated transport (1).
But in an actual human disease, without a
measure of rates of formation and removal
from CSF as well as rate of appearance in
that pool, the question of the major determinants of any alteration remains open.
Conclusions
Independent of these caveats, as Fanara
et al. make clear, it could be that an altera-
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tion of the rate of appearance of one or
another specific cargo proteins in CSF
after 2H2O labeling could reveal neuronspecific defects that occur early in a disease process. More generally, stable isotope labeling of precursor pools followed
by either cross-sectional or longitudinal
CSF sampling offers a powerful tool to
explore aspects of pathologic processes in
the brain that are unlikely to be detected
by either proteomic or metabolomic measures of absolute steady-state concentrations. Combining measures of total analyte and rates of appearance of labeled
newly synthesized forms should increase
our ability to define early stages of neurodegenerative diseases and facilitate the
development and testing of novel therapies targeted to the pathologic process. In
other words, treating the biomarker (e.g.,
cholesterol) may offer a path to prevent-

ing or delaying the clinical symptoms that
lie downstream of that biomarker and are
often irreversible consequences of failing
to intervene early.
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Cells of the immune system have evolved various molecular mechanisms
to sense their environment and react to alterations of self. NK cells are
lymphocytes with effector and regulatory functions, which are remarkably
adaptable to changes in self. In a study published in this issue of the JCI,
Tarek and colleagues report the clinical benefits of manipulating NK cell
adaptation to self in an innovative mAb-based therapy against neuroblastoma (NB). This novel therapeutic strategy should stimulate further research
on NK cell therapies.
NK cells are involved in the elimination of
tumor cells and infected cells (1); they can
kill their cellular targets via cytotoxic granule exocytosis and also secrete cytokines
such as IFN-γ that participate in the shaping of the adaptive immune response. NK
cells express a wide range of surface molecules that include inhibitory and activating receptors; in humans, this family
comprises the natural cytotoxicity receptors (NKp30, NKp44, and NKp46), the Fcγ
receptor IIIA (CD16), and the activating
killer cell immunoglobulin-like receptors
(KIRs). CD16 endows NK cells with antibody-dependent cell-mediated cytotoxicity
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(ADCC) properties. These activating
receptors associate with immunoreceptor
tyrosine-based activation motif-bearing
adaptors to transduce potent activating
signals. The inhibitory KIRs in humans
(and their functional homologs in mice,
the Ly49 receptors) recognize classical
major histocompatibility complex class
Ia molecules (MHC-I) and transduce
inhibitory signals via their intrac yto
plasmic tyrosine-based inhibition motifs.
Upon NK cell encounter with potential
target cells, the integration of activating
and inhibitory signals dictates the NK
cell response. Normal self cells expressing high levels of MHC-I and low levels
of activating ligands are spared, while
stressed cells with downregulated MHC-I
expression and high levels of activating
ligands activate NK cells and are killed.

NK cell education
The functional maturation of NK cells
includes a process of education, also
referred as to licensing, arming, or tuning,
by which NK cells acquire effector functions that are adapted to the host in which
they develop (2–5). In addition to its wellknown role in the regulation of NK cell
effector functions, MHC-I recognition
by inhibitory receptors is also involved
in NK cell education. When NK cells cannot sense self MHC-I, as in MHC-I–deficient mice or patients, individuals do not
develop autoimmune disorders, and the
NK cells are hyporesponsive to stimulation in vitro (Figure 1A) (6–8). Various
conflicting models have been proposed to
describe how the interaction of MHC-I–
specific receptors with their ligands contributes to NK cell education (2–5). A unifying model inspired from the arming/
disarming model initially proposed by
David Raulet and colleagues (2) is consistent with the experimental data published
so far. In this scenario, NK cells sense target cells via the combined engagement
of activating, inhibitory, and adhesion
receptors. The intensity of the NK cell
response is commensurate with the inte-
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