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Abstract

Biomarkers are central to the translational medicine strategic focus, though strict criteria need to
be applied to their designation and utility. They are one of the most promising areas of medical
research, but the “biomarker life-cycle” must be understood to avoid false-positive and false-
negative results. Molecular biomarkers will revolutionize the treatment of neurological diseases,
but the rate of progress depends on a bold, visionary stance by neurologists, as well as scientists,
biotech and pharmaceutical industries, funding agencies, and regulators. One important tool in
studying cell-specific biomarkers is multi-parameter flow cytometry. CSF immunophenotyping, or
immune phenotypic subsets, captures the biology of intrathecal inflammatory processes, and has
the potential to guide personalized immunotherapeutic selection and monitor treatment efficacy.
Though data exist for some disorders, they are surprising lacking in many others, identifying a
serious deficit to be overcome. Flow cytometric immunophenotyping provides a valuable,
available, and feasible “window” into both adoptive and innate components of neuroinflammation
that is currently underutilized.
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Introduction

Biomarker has been defined as a “characteristic that is objectively measured and evaluated
as an indication of normal biologic processes, pathogenic processes, or pharmacological
responses to a therapeutic intervention”.1 Use of the term dates back to 1980.2 In an era
called the “biomarker revolution,” medical biomarker studies are extremely timely and
widely recognized as important.3 Now there is a multiplicity of biomarker types and
applications (Table 1).4:> From a US regulatory perspective, integration of biomarkers in
drug development would help alleviate stagnation and foster innovation in the development
of new medical products, leading to more translational and personalized medicine.®
Biomarker-guided decision making would have a competitive clinical advantage over the
existing empirical approach.”

The first part of this article discusses the unique need for biomarkers in neurological
diseases, the importance of cerebrospinal fluid as the best source, and the life-cycle of the
biomarker. It vets the biomarker process and provides tangible steps needed to improve the
interpretability of biomarker data for neurological disorders. In the second part, putative
CSF cellular immune markers, as revealed by flow cytometric /mmunophenotyping, are
evaluated as candidate biomarkers of neuroinflammation.® Recent advances in flow
cytometry have presented greater capacity to identify and refine immune cell phenotypes.®
Although most immunophenotyping studies have been of peripheral blood, only CSF studies
are reviewed here.

Biomarkers

Why are molecular biomarkers uniquely needed for neurological diseases?

Biomarker-guided personalized medicine is not a novel concept, but one applied in most
areas of clinical medicine, including some neurological disorders, for years. For example, a
stroke specialist will investigate and treat all cardiovascular risks factors s/he can identify,
such as hypercoagulable state, sources of embolisms, hyperlipidemia, diabetes and
hypertension. Consequently, a stroke patient will receive personalized, rational combination
of drugs that target simultaneously all risk factors that contribute to a phenotypical
expression of his/her disease. Furthermore, treating physician will not wait for the second
stroke to make necessary therapeutic adjustments; rather s/he will use normalization of
biomarker measurements as a guiding principle. Of course, this strategy required clinical
trials that have proven surrogacy of these biomarkers to the clinically-relevant outcomes,
such as mortality from cardiovascular diseases.

Indeed, molecular biomarkers (i.e., clinical laboratory tests) have been assessing functions of
different cellular components of the endocrine, hematological, gastrointestinal and immune
systems, or cardiomyocytes and renal epithelium for decades. In stark contrast, neurologists
lack molecular biomarkers that measure physiological functions (or dysfunctions) of the
cellular components of the central nervous system (CNS).

Instead, neurology practice and drug development rely on imaging modalities, especially
magnetic resonance imaging (MRI), which provides structural information about CNS
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tissue. The undisputable utility of MRI in neurology practice makes us often forget that
structural imaging does not provide molecular or even cellular information. For example,
although brain atrophy reflects loss of CNS tissue, it may be masked for a long-time by
replacement of one cellular component (e.g., neurons) by another (e.g., microglia, astroglia
or immune cells) or by alternative processes such as edema or expansion of extracellular
matrix. Furthermore, even in the instances when pathological correlations showed link
between certain cellular processes and MRI features, such as perivascular inflammation
underlying contrast-enhancing lesions (CELS) in multiple sclerosis (MS), assuming that a//
CELs are inflammatory causes misdiagnosis of ischemic and malignant lesions,10 while
assuming that CELS capture all inflammatory activity underestimates the amount of
inflammation e.g. in progressive MS.1! It is rather common radiology practice to call T2/
FLAIR white matter lesions of certain size and location “demyelinating”, even though this
MRI contrast captures differences in the relaxations of hydrogen protons and therefore
cannot possibly differentiate one type of tissue integrity change (e.g. edema) from another
(e.g. demyelination or astrogliosis).12

On the other hand, although clinical deficit correctly reflects loss of cellular functions, it
provides limited insight about its reversibility or causes. Additionally, clinical deficit lacks
sensitivity: i.e., it becomes obvious only after substantial damage to the underlying CNS
tissue has accumulated; this is true for virtually any neurological condition where clinico-
pathological correlations exists, including Parkinson’s disease, primary-progressive multiple
sclerosis (MS) or mild cognitive impairment.

It is reasonable to conclude that this lack of molecular information about CNS tissue is one
of the main reasons for the slow therapeutic progress in neurology. Inability to detect earliest
stages of CNS diseases prevents initiating treatments at the time when their efficacy is
highest. On the other hand, once the clinical defects become apparent, the physiological
compensatory processes are exhausted and pathological processes are well-established and
wide-spread. To stop the disease progression at this stage requires targeted, rational (i.e.
personalized) combination treatments.

However, it is extremely difficult, if not impossible, to develop such effective treatment
modalities without molecular biomarkers. Pathology studies revealed presence of different
processes (e.g. Ca2*-mediated excitotoxicity, oxidative and nitrosative damage,13-16
endoplasmic reticulum [ER] stress, 1719 mitochondrial dysfunction, 20-22 hypoxia23 and
inflammation) common to many established polygenic neurological diseases, with
substantial variability between individual patients. Let’s imagine a perfect drug, targeting
only one of these processes, being developed and tested: without ability to preselect patients
in whom the targeted process is dominant, this drug will have limited efficacy in small,
Phase Il trials. Furthermore, development of a single, partially effective treatment makes
development of further treatments for the same indication more difficult: instead of proving
efficacy of future drugs against placebo, we must now prove efficacy against an active
comparator, which is much harder. An alternative is to prolong recruitment into clinical trials
by focusing on patients who cannot, for whatever reason, benefit from already approved
therapy. Using biomarkers specific for different pathogenic processes effectively abolishes
these problems.
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Thus, development of biomarkers that measure physiological functions of cellular
components of CNS tissue, and those that reflect varied intrathecal pathophysiological
processes is a prerequisite to accelerate development of neurological therapeutics.
Incorporating sample collection for biomarker measurements in contemporary clinical trials
for neurological diseases is essential to validate biomarker surrogacy to clinical outcomes, as
was achieved in other (e.g. cardiovascular) fields.

Cerebrospinal fluid (CSF) as the best source of molecular biomarkers for CNS diseases

What are the possible sources of molecular biomarkers for CNS diseases? Two related
imaging modalities, positron emission tomography (PET) and single photon emission
computed tomography (SPECT) are gaining lot of interest.24 Because these methods have
been reviewed elsewhere, we will only highlight their comparison to the source of molecular
biomarkers this article focuses on: CSF. Both PET and SPECT imaging use radioactive
tracers that bind with high specificity to a single molecule, providing quantitative
information about its spatial distribution in CNS tissue. The inclusion of spatial information
represents strength of these modalities. The limitations are use of radioactivity, necessity of
arterial delivery for some tracers, limited repeatability and focus on a single molecule.
Especially the last one: focus on a single molecule limits broad clinical use. A single
biomarker is unlikely to capture the dysfunctional pathway in its entirety. Multiplicity of
pathogenic mechanisms in fully evolved CNS disease represents analogous challenges to a
single biomarker as to an afore-mentioned single therapy. For example, although there is a
fair correlation between deposition of extracellular amyloid and loss of neurons in
Alzheimer’s disease (AD),2° the mechanisms by which amyloid beta may contribute to
neuronal loss are complex and indirect. Furthermore, the direct mechanisms of synaptic and
neuronal loss in AD patients are likely diverse, explaining why the correlations between
amyloid PET and neurological disability are only fair.26

Instead, molecular tests of high clinical utility should measure multiple (ideally all)
contributing processes, captures each pathway by multiple complementary biomarkers and
measures loss of physiological functions and gains of pathological functions simultaneously
with (at least some) cellular specificity. This is exemplified by liver functions tests, that
measure physiological functions of hepatocytes (e.g., albumin, bilirubin) together with
intracellular enzymes that are released during hepatocellular damage (e.g. AST, ALT). These
requirements can be fulfilled today only by soluble biomarkers, amenable to quantification
by multiplex technologies.

Should we strive to identify such clinically-useful soluble biomarkers of CNS diseases in the
blood or CSF? The obvious advantages of blood are its accessibility and wide-spread
acceptance of serial blood draws. However, blood cannot be used as a reliable source of
biomarkers of neuroinflammation. CNS is comparably smaller and more sterile organ than
gastrointestinal tract, skin, respiratory system or genitourinary system, all of which represent
entry-ports for infectious agents and toxins. Depending on the type, dose and pathogenicity
of the invading agent and the presence/absence of immunological memory, the ensuing
immune reaction to the pathogen is systemic and overt or subclinical. Yet, both systemic and
subclinical immune responses can have undistinguishable serum/plasma biomarker
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profiles.2” Thus, differentiating systemic immune activation related to neuroinflammation
from immune activations related to subclinical infections is not possible. Furthermore, we
have reported that significant correlations between inflammatory biomarkers present in the
blood and CSF exist paradoxically only in subjects without CNS inflammation.2® This is
because under physiological conditions, activated immune cells cross blood brain barrier
(BBB) to perform immunosurveillance functions to clear pathogens that may have gained
access to the CNS during systemic infection. However, once the CNS inflammation is
established, the correlations between blood and CSF disappear?8:29 because of selective
recruitment of cells from the blood to CNS, followed by selective expansion and preferential
retention of specific cells in the intrathecal compartment.

Although soluble biomarkers released exclusively by the cells of the nervous system (e.g.
axonal marker neurofilament-light chain [NF-L]) can be successfully measured in the blood
using highly-sensitive assays,39 serum levels of these CNS-originating biomarkers explain
between 38—-60% of variance of the CSF levels.31:32 This 40-62% “noise” is likely due to
intra-individual differences in CSF clearance, affected by cardiac output,33 sleep,34 physical
activity and aging,3°-36 as well as systemic clearance and hepatic metabolism of soluble
biomarkers. While this level of accuracy may be sufficient for some indications, such as
providing prognostic value of recovery from CNS injury,3” introducing 40-62% noise in
pharmacodynamic outcomes in drug development or precision medicine applications may
not be acceptable. At any rate, development of sensitive serum/plasma assays for CNS-
specific biomarkers is welcomed, but the clinical utility of these assays needs to be evaluated
against CSF assays, so that the sensitivity, specificity and correlations of these
measurements to clinical outcomes are well understood.

CSF is collected through lumbar puncture (LP), an invasive procedure with low and
manageable side effects. The most frequent side effect is post-LP headache, which can be
minimized by use of atraumatic needles of small caliper.38 In vast majority of subjects, the
procedure can be performed repeatedly, under local anesthesia and with minimal discomfort.
The ability to safely collect 20-25cc of CSF in adult subjects provides sufficient volume for
multiple simultaneous applications, such as detailed assessment of cellular compositions,28
analysis of extracellular vesicles,3% multiplex proteomic analysis,*° lipidomics*! and
metabolomics.#2 The possibility to combine different assays leads to creative applications,
such as recently-developed method for quantifying inflammation in human CNS tissue
without a need for CNS tissue biopsy.11

Reasons for slow progress in the development of CNS biomarkers

Notwithstanding our enthusiasm for, and stated advantages of CSF biomarkers, the reality is
that surprisingly few reached drug development#3-46 or clinical practice in the past decades.
There are two major reasons for this unsatisfactory outcome: First relate to the quality of
biomarker studies. Because biological changes (induced by disease state or therapy) are
usually mild to moderate, the technology applied must be highly sensitive and reproducible.
To achieve this, all sources of non-biological variance must be identified, quantified and
actively suppressed. Pre-analytical variables may contribute to >60% of variance, which
often exceeds biological variance caused by diseases or administration of therapies.
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Sources of pre-analytical variance are related to sample acquisition (e.g., acquisition
method, time of the day, preparation of patient: treatment, diet, pre-medication, container to
which the sample is acquired) and sample processing (e.g., placement and transport on ice
versus room temperature, delay in processing, centrifugation, ultracentrifugation,
fractionation, aliquotting, freezing/thawing). Studies that combined patient cohorts collected
by one group of investigators with controls collected by different investigators using non-
standardized procedures, can mistakenly interpret inter-group differences caused by pre-
analytical variances as features of a disease or therapeutic intervention. Any assay that
requires extensive sample preparation (e.g., depletion of most abundant protein species,
fractionation) will increase pre-analytical variance and needs to be done blinded, with
patient and control samples run side-by-side and intermingled.

Sources of analytical variance relate to introduction of a biases when operators are
unblinded, especially when using highly operator-dependent assays such as cloning of
antigen-specific T cells or semi-quantitative 2D gels. To limit analytical variance, the
investigators should examine and report intra and inter-assay variability, use written,
optimized standard operating procedures (SOPs), highly trained personnel working on coded
samples, or greater automation. To minimize batch effects and inter-assay variability,
reference calibrators should standardize relative or absolute values between the assays.

Finally, sources of post-analytical variance are represented by selective elimination of
“outliers” after (rather than before) unblinding and flexible sample sizes leading to multiple
“interim analyses” without appropriate disclosure and adjustments of statistical assumptions.
Design flaws such as underpowered studies combined with bias to preferentially publish
positive results lead to unacceptably high false discovery rates. Biomarker studies routinely
fail to adjust statistical analyses for multiple comparisons, using justification that these
studies are “discovery” studies that will “need future validation”. However, validation rarely
follows, perhaps due to the afore-mentioned publication bias, which keeps negative results
preferentially unpublished.

The biomarker field has now matured to a stage when flawed study designs are no longer
acceptable;#7-49 where standardized collection and processing of samples from large
numbers of patients and appropriate controls are performed by same investigators (or
consortium that adheres to detailed SOPs), in a blinded fashion and using technologies with
adequate and properly disclosed intra- and inter-assay variabilities. Validation of observed
findings in an independently collected and processed validation cohort, with pre-determined
(and sufficient power) should be part of any new biomarker study performed.

The second problem relates to interpretation of biomarker studies. Ideally, we should
understand all aspects of what we call “a biomarker life-cycle” (Figure 1), before we can
correctly interpret measured values.

For example, abnormally high levels of a biomarker can be caused by its increased secretion,
which is the most commonly entertained interpretation. However, we should not forget that
decreased consumption of a biomarker will have the same effect. For example, consumption
of CSF B cell activating factor (BAFF) by expanded number of intrathecal B cells keeps
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CSF BAFF levels in MS patients in the physiological (i.e., healthy volunteer; HV) range.
Administering B cell-depleting therapy rituximab into CSF partially depletes intrathecal B
cells and unmasks BAFF elevations.*3 Understanding biomarker lifecycle and combining
measurements of the biomarker with the measurements of its cellular producers and
consumers will allow mathematical normalizations of the measured biomarker levels for the
observed differences in cellular components and thus reveal its true, (e.g., pathological)
levels. The cellular components may be measured directly (e.g. by flow cytometry)28 or
indirectly, by another cell-specific soluble analyte. Thus, understanding lifecycle of
biomarkers in the multiplex assay(s) will eventually allow system-level analysis, either based
on hypothesis-driven conceptual models, or using machine (statistical) learning.>°

We’ll illustrate this concept on a simplified example of the Biomarker X (Figure 2) that is
expressed only in axons and released under two conditions: Small amounts of this biomarker
are released physiologically, during axonal maintenance; but larger quantities of the
Biomarker X are released during acute axonal damage. Let’s now imagine that we measured
identical CSF levels of the Biomarker X in healthy volunteers (HV; Fig 2A, group A) as in
patients (Fig 2A, group B). We will interpret these findings as an evidence that our patient
cohort does not have acute axonal damage.

However, what if we observed a significant correlation between CSF levels of biomarker X
and brain fractional volume in HVs (Fig 2B) and significantly lower brain fractional
volumes in the patient cohort in comparison to HVs (Fig 2C)? Those observations should
change our interpretation! The correlation between brain volume and Biomarker X in the
HVs provides an opportunity to assess the physiological release of Biomarker X as a
function of measured brain volume. Because patients have lower brain volume, their
physiological secretion of Biomarker X should be significantly lower than what we have
measured. In other words, if we mathematically adjust CSF levels of Biomarker X to the
measured brain volume, we will conclude that patients have significantly higher levels than
they should have, which means that in addition to physiological release, patients have
superimposed pathological release of Biomarker X due to acute axonal transections. The
NF-L is a prime candidate biomarker for such assessment of its relationship to MRI-derived
brain volumetric data.

In conclusion, we are only at the beginning of exploring full potential of CSF biomarkers.
Future biomarker studies need to collect high quality clinical (i.e. scales of neurological and
cognitive disability) and imaging data (i.e., especially volumetric data and/or composite
measures such as Combinatorial MRI Scale of CNS tissue destruction COMRIS-CTD),! to
facilitate systems-wide analysis of relationships between biomarkers, neurological functions
and structural integrity of CNS tissues. In parallel, in-vitro and in-vivo models need to
generate knowledge-base for understanding biomarker-life cycles and relationships between
biomarkers measured by multiplex assays. Finally, biomarker studies need to be
incorporated to clinical trials to generate surrogacy data. Although we have little doubt that
molecular biomarkers will revolutionize treatment of neurological diseases, how fast we’ll
achieve desired progress depends on the willingness of the involved parties (i.e., patients,
providers, scientists, pharmaceutical and biotech industry, funding agencies and regulators)
to take bold, visionary stance.>2
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Potential Biomarkers Revealed by CSF Immunophenotyping

Flow cytometric immunophenotyping refers to the process of identifying and distinguishing
various lymphocyte subsets in a fluid sample by phenotypic characteristics as revealed by
fluorochrome-conjugated monoclonal antibody tags that fluoresce in the laser beams of the
flow cytometer. Due to methodological advances,>® multi-color (polychromatic) flow
cytometry (11 — 12 colors) allows a broader range of immune cells to be phenotyped in a
single but sufficient CSF sample. Not without shortcomings,>* multiparameter flow
cytometry is “truly coming of age” in the 215t century,®> providing a treasure-trove of other
potential biomarkers beyond the scope of this review.® The 50-fold concentration of the CSF
cell pellet obviates the need for higher volume requirements in controls, whose CSF
leukocyte counts are only 1-3/cu mm.28 Putting straight CSF from patients with non-
inflammatory disorders into the flow cytometer otherwise uniformly results in a false report
of no cells found. The irony is that most patients with neuroinflammatory disorders will at
some point in their course undergo a lumbar puncture, but with only traditional, low yield
testing for neuroinflammation. If a clinical panel of lymphocyte subsets were measured as
well for detailed cellular assessment, the informational value of the LP would be enhanced
tremendously.52

Analysis of CSF lymphocyte subset distribution in healthy young adults traces back more
than two decades.5® The human CSF immunophenotype in healthy individuals and non-
inflammatory disorder controls reveals a distinctive distribution of immune cells compared
to peripheral blood. The vast majority are T cells, most of which are central memory cells.>”
Of those, approximately 75% are CD4+ T helper cells and 25% are CD8+ cytotoxic/
suppressor T cells.826 The remainder of CSF immune cells constitutes only a fraction of the
total and are present in small numbers, but gain in importance in neuroinflammation. These
include natural killer-like T cells (NKT), NK cells, & T cells, B cells, plasmablasts, plasma
cells, and dendritic cells. This mixture of immune cells in CSF comprises cells recruited
from circulating blood and those activated intrathecally, exiting the CNS when effectors
functions are completed.28 CSF immune cells can be further qualified based on markers of
maturation (DR45R isoforms), activation (HLA-DR, CD25), among others.28

Enumeration of CD4+ T cell subsets®8 by flow cytometry reveals that T cells are dynamic.>?
Differentiated by the hallmark cytokine secreted, there were two helper lineages in the late
1980s: Th1, secreting IFN-vy, and Th2, secreting IL-4. In 2005, a new Th17 lineage
producing IL-17A was described, which has been reviewed,®0 leading to the current view of
a Th17/Th1 paradigm of autoimmune neuroinflammation.8 Th17 cells are involved in some
neuroinflammatory disorders, not others. For example, the frequency of CSF IL-17-
producing CD4+ cells is increased in cerebral vasculitis caused by secondary angiitis of the
CNS and giant cell vasculitis, not stroke.%2

The CSF immunophenotype also reports on other T cells that can be measured by flow
cytometry. NKT cells (CD3+CD56+) can act as effector or regulatory cells. Gamma/delta T
cells (y& T cells), which express y and & chains rather than the usual a and B chains of the
T cell receptor, regulate the extent and duration of inflammation.®3 Regulatory T cells
(Tregs) come in many varieties. CD4+CD25+FoxP3+ Tregs suppress the cytotoxic effects of
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CD8+ effector T cells, delimiting CNS damage.54 A non-T cell found by
immunophenotyping is the natural killer (NK) cell (CD3-CD56+), of which there are
multiple subsets,®® including regulatory CD56bright NK cells.

The multiplicity of human B cell subsets has been extensively reviewed.>3 Beyond
transitional B cells appearing in the course of B cell development, mature B cells may be
naive (lgD+CD27-) or memory (non-switched 1gD+CD27+, or switched 1gD-CD27+).53
CD5+ B cells are also referred to as “fetal derived CD5+ B1 cells” or self-reactive “innate-
like B cells”.%6.67 Regulatory B cells (Bregs), such as those that are IL-10-competent, can
suppress immune reactions,>® whereas dysregulated B cell signals orchestrate loss of
tolerance and autoantibody production.58

Plasmablasts (IgD-CD27+CD38+CD138-), of which there are short-lived and long-lived
subgroups, are the main B cell effector subset in MS®° and are migratory 1gG-producing
cells in NMO.70 Terminally differentiated B cells are plasma cells (IgD-
CD27+CD38+CD138+), which are large in size and the most efficient antibody producers.
Plasmablasts are usually CD19+, while terminally differentiated plasma cells lack B cell
lineage markers. The frequency of plasmablasts is very low/undetectable in non-
inflammatory diseases, but may be elevated in various inflammatory diseases.’

Two subsets of dendritic cells can be detected in CSF, but in non-inflammatory neurological
disorders, they constitute only up to 1% of CSF mononuclear cells.”* Myeloid DC are
identified by flow cytometry as lin-CD11c+HLA-DR+DC123(dim), and plasmacytoid DC
as lin-CD11c-HLA-DR+CD123(high).

Immune cell ratios may provide additional information. One is the CD4/CD8 T cell ratio, as
an indicator of possible T cell dysregulation. The CSF monocyte/ B cell ratio, which is
decreased in RR-MS, is another useful index.28 The T cell/monocyte ratio in clinically
isolated syndrome identifies patients at risk of rapid disease progression.’2 The NK cell
CD56bright/CD56dim ratio is increased in MS.%°

CSF immunophenotyping for biomarkers of disease activity

Comparison of immunophenotyping results from studies of various neuroinflammatory
disorders is provided in Table 2. Frequency data are shown, but some studies also included
counts of CSF cells, as noted in the table legend. There was abundant data for MS, a modest
amount for paraneoplastic disorders, but surprisingly little or no immunophenotyping data
for NMO, AE, ADEM, NPSLE, traumatic brain injury, or stroke.

An increased proportion of CSF B cells was common across diseases.28:73-76 Although there
were no data from adults with NMO, AE, or NPSLE in adults, there were case reports of
increased CSF B cell percentage for each disorder in pediatric-onset counterparts.”’~"9 One
adult with PCD paraneoplastic syndrome exhibited elevated CSF B cell frequency, though
the T cell abnormalities were the focus of the report.80 In untreated pOMS, the percentage of
multiple B cell subsets was elevated in CSF.8!

Plasmablast increases were reported in pMS, NMO, and pOMS, but they were not routinely
measured, so possible abnormalities in other disorders cannot be ruled out. In NMO,
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activated lymphocytes and/or plasma cells were found frequently in the 50% of patients who
manifest CSF pleocytosis.82 An adult who was seropositive for contactin-associated
protein-2 (CASPR) antibodies without a detected tumor showed increased CSF fractions of
CD138+ plasma cells and activated CD8+ T cells.83

Another subset not routinely tested was the CSF CD5+ B cell subset. In pOMS, the
frequency of both CD5+ and CD5- B cells was elevated in CSF.84 Increased frequency of
CD5+ B cells has also been reported in other neuroimmunological diseases.%6

A decreased percentage of CSF CD4+ T cells was found in pOMS and pNPSLE, but not in
demyelinating disorders.”-11:28.85 An increased frequency was reported in a study of
Rasmussen syndrome.86

The & T cell subset, well known for important regulatory functions in neuroinflammation,
was not consistently abnormal in frequency, though it was not often measured in CSF.
“Double negative” T cells (CD4-CD8-), most of which are y8& T cells, are sometime
measured instead.28 An elevated percentage of y8 T cells has been reported in MS,88 and
pockets of -y6 T cells are found in brain specimens from patients with MS or Rasmussen
syndrome.88

In sum, multiple CSF immunophenotypic abnormalities were found, but not all disorders
were investigated with equal thoroughness, and many disorders have not been studied with
immunophenotyping. The pattern of abnormality was not the same among diseases, though
CSF B cell expansion was a common theme. The glaring gaps in our knowledge of the CSF
immunophenotype are a challenge to neurologists to fill them in. Flow cytometric
immunotyping is nonetheless shown to provide important information, which can be used in
personalized medicine.

CSF immunophenotyping reveals age-related and developmental changes

Comparison of the CSF immunophenotype in pediatric and adult control groups affords a
fascinating window of the brain and the immune system. Flow cytometric CSF
immunophenotyping has been used successful in the analysis of pediatric-onset
neuroinflammatory disorders.28:73.76.81.84,90 The need for it stems from concern that
different developmental stages of the pediatric immune system (and the brain) and what
impact they may have on the appropriateness of treatment decisions. Although lumbar
puncture in healthy children is not considered ethical, several sources of non-inflammatory
neurological disorders (NIND) are used for comparisons. In contrast, there are multiple
sources of the normative blood immunophenotype in children, showing remarkable age-
related changes.91:92

A sufficient CSF sample for flow cytometry can be readily obtained from unsedated adults;
for children, sedation is necessary, and for toddlers, deep sedation (propofol with LMA)
provides compassionate care and an atraumatic sample in a day surgery facility or
comparable setting.”38189 |n infants younger than six months old, CSF immunophenotyping
is largely infeasible, due to lower allowable CSF volume (5 — 6 mL total). However, in
toddlers and youngsters, 15-20 mL of CSF—depending on exact age—can be safely
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removed. The risk of post-traumatic headache in young child is about 1-2% using these
methods, which is substantially lower than in teens or adults.

In pediatric non-inflammatory neurological disorders, absolute counts of lymphocyte subsets
reflect increased T cells (CD3+, CD8+) compared to adults.?8 There are also more myeloid
and plasmacytoid DC. The absolute counts change over time, resulting in higher B cell and
NK counts and lower granulocytes.28 However, the relative portions of most CSF immune
cells show more similarities than differences in children and adults, with the except of the
age-dependent frequency of CSF y& T cells. In contrast, the frequency and absolute counts
of peripheral blood mononuclear cells (PBMN) changes so dramatically over time91:92 as to
complicate the search for immunologic biomarkers. CSF immunophenotyping has revealed
that B cell populations discriminate between pediatric- and adult-onset MS.”6

Establishing NEDA (immune quiescence)

An important concept, developed in the MS field, is the necessity of proving no evidence of
disease activity (MVEDA) persists after treatment for neuroinflammation.%3 Biomarkers may
play an important role in making such a determination. This concept is applicable to
neuroinflammatory disorders as a whole, but is only beginning to take hold. Confirming
NEDA has been used successfully in pOMS.81 CSF immunophenotyping is an effective
means of testing for NEDA.

How CSF immunophenotyping informs on adequacy of treatment response

Pre- vs post-treatment CSF immunophenotyping allows direct correlation of clinical
response/outcome and biological response (Table 3).43:45.81,94-100 Certain disease modifying
drugs acting primarily on T cells, such as dimethyl fumarate, glatiramer acetate, fingolimod,
IFN-B, and natalizumab, are ineffective or induce unanticipated relapse in NMO.101 Actual
measurement of CSF B cells and T cells via immunophenotyping would help to prevent
potential pitfalls of the trial-and-error approach.

CSF cellular biomarkers can shift target focus to better options

Though anti-CD20 targeting eliminates CD20+ B cells, certain antibody-producing cells in
the B cell lineage escape destruction. CSF immunophenotyping has helped unveil the
reasons for partial responses and rituximab treatment failures. B cell CD19 expression is
broader than that of CD20 during B cell development and initiated earlier (pro-B cell
stage).192 Plasma cells are not targeted by anti-CD20.193 The anti-CD19 monoclonal
antibody, inebilizumab, has progressed to clinical trials for MS, NMO, and systemic
sclerosis.194 Possible risks include chronic B cell depletion.

Pharmacological targeting of Tregs is shown to be advantageous in the treatment of cancer,
in which Tregs are manipulated to defeat host anti-cancer immunity, but it may be
anticipated to be disadvantageous in neuroimmune disorders, in which boosting Treg cell
effect may ameliorate neuroinflammation. Measurement of Tregs in neuroinflammatory
disorders is a way of accessing direct data for devising optimal therapeutic strategies.

Semin Pediatr Neurol. Author manuscript; available in PMC 2018 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bielekova and Pranzatelli Page 12

Longitudinal profiling

Limitations

Cross-sectional data are important, but longitudinal data allow temporal patterns of
lymphocyte recovery after immunotherapy to be discovered.8! The longitudinal approach,
facilitated by flow cytometric CSF immunophenotyping, allows distinctions to be made
between intrathecal inflammation prior to treatment, during remission, and in the case of
partial response and relapse.

The CSF immunophenotype represents just the “mobile pool” of CNS-residing immune
cells.28 It informs on the phenotype, not function, of the cells. Strict quality control
measures are required for valid results.19 CSF sampling must be atraumatic to avoid
contamination of CSF with cells from circulating blood. Effective sedation is required in
younger children for compassionate care and practical reasons. CSF cells must be collected
fresh on ice and brought to the flow cytometry lab promptly for cell labeling. Therefore,
immunophenotyping should be planned in advance, not as an afterthought, and cannot be
performed reliably on frozen cells. However, most outpatients can be scheduled, and most
large hospitals already use flow cytometry for other indications, such as leukemia/
lymphoma, so repurposing is possible.

Clinical Implications

Exploration of the full potential of CSF biomarkers is only beginning. CSF provides an
invaluable, unique portal into CNS immunopathology, not afforded by circulating blood.28 It
reveals the biology of intrathecal inflammation and potentially guides selection of optimal
immunotherapies for individual patients while monitoring their biological efficacy.28
Management of neuroimmunologic diseases has been hindered by the inability to measure
intrathecal inflammation reliably using decades-old standard laboratory measures.11
Multiparameter flow cytometry has become a powerful tool to correlate clinically-relevant
factors, such as stage of diseases activity, relapse, and remission, with CSF cellular
subsets.8% While the CSF cell pellet is consumed for flow cytometry, the very substantial
cell-free CSF supernatant can be aliquoted, frozen, optimally banked,1%¢ and used for many
other biomarker studies. Biomarkers need to be incorporated into clinical trials for surrogate
data to the clinically-relevant outcomes,! and there are now available biomarker-guided
clinical trial designs.107 It is easy to envisage an entirely different way of evaluating and
interpreting neuroinflammation in patients of all ages with neuroinflammatory disorders.
Neurologists bold enough to adopt and implement the biomarker approach will be able to
step into the promising new era.
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Figure 1.
Understanding a biomarker life-cycle
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Figure 2.
Adjustment of biomarker levels based on mechanistic understanding of its lifecycle
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Table 1

Multiplicity of Biomarker Types and Applications

Type

Definition/Application

Combinatorial
Diagnostic
Differentiation
Efficacy
Exploratory
Pharmacodynamic
Prognostic
Predictive
Qualified

Risk

Toxicity
Screening
Staging
Stand-alone
Stratification
Surrogate

Translational

Panel- or pattern-based

Disease-specific

Efficacy or safety of drugs within same class

Reflects positive outcome of a treatment

Delimited, may be driven by discovery, not hypothesis

Contrasting pharmacodynamic patterns may offer utility for treatment (optimal dose?)
Predict course of disease

Provides information on obtaining response to treatment (optimal drug?)
The data support its use for stated purpose

Can be used for risk stratification

Avoid/monitor potential toxic effects

Early disease detection

Differentiates different stages, activity, and subtypes of disease

A single biomarker sufficient for purpose by itself

Select best treatment for given patient

Intended as substitute for clinical endpoint

Can be used in pre-clinical and clinical studies
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Table 3

Use of CSF immunophenotyping to test the capacity of targeted immunotherapies to rectify the initial

abnormalities

Agent Indication  Post-treatment Immunophenotyping Results

Daclizumab MS Decreased CD4+CD25+ T cell counts; decreased CD4+ and CD8+ T cell/NK cell ratio; increased CD56(bright)
NK cells; no change in CD4+/CD8+ T cell ratio.4>9

Fingolimod MS Decreased proportion of CD+ T cells. It had no impact on CSF B cells. The percentage of CSF CD8+ T cells,
NK cells, and monocytes increased compared to controls. The CSF CD4+/CD8+ T cell ratio reversed in majority
of patients.9

Natalizumab ~ MS Lowered CSF B cells and CD4/CD8 ratio.?® Also decreased numbers of CD4+ and CD8+ T cells, and CD138+
plasma cells (Stiive2008).%6

Rituximab MS CSF B cell counts decreased, as did CD3+ T cell counts.? In PP-MS (n = 4), CSF B cells were not as depleted
as blood B cells, and B cell activation was only temporarily expressed.®” Rituximab is detectable in CSF for up
to 24 weeks, 100

Rituximab pOMS CSF B cell frequency dropped to undetectable levels;*2-18 months later, B cells in peripheral blood had
repopulated, but the CSF B cell percentage did not exceed control percentages.8!

Rituximab-IT ~ SP-MS Intrathecal rituximab lacked efficacy on CSF biomarkers.*® Insufficient saturation of CD20, absence of lytic

complement, and dearth of cytotoxic NK cells (CD56-dim) may explain the insufficient disease response.*3

IT = intrathecal
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