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Abstract

Cytokine mediated inflammation likely plays an important role in secondary pathology after traumatic brain injury (TBI).
The aim of this study was to elucidate secondary cytokine responses in an in vitro enriched (>80%) human stem cell-
derived neuronal model. We exposed neuronal cultures to pre-determined and clinically relevant pathophysiological levels
of tumor necrosis factor-o (TNF), interleukin-6 (IL-6) and interleukin-1/ (IL-1), shown to be present in the inflammatory
aftermath of TBI. Data from this reductionist human model were then compared with our in vivo data. Human embryonic
stem cell (hESC)-derived neurons were exposed to recombinant TNF (1-10,000 pg/mL), IL-1/ (1-10,000 pg/mL), and IL-
6 (0.1-1000ng/mL). After 1, 24, and 72h, culture supernatant was sampled and analyzed using a human cytokine/
chemokine 42-plex Milliplex kit on the Luminex platform. The culture secretome revealed both a dose- and/or time-
dependent release of cytokines. The IL-6 and TNF exposure each resulted in significantly increased levels of >10
cytokines over time, while IL-1f increased the level of C-X-C motif chemokine 10 (CXCL10/IP10) alone. Importantly,
these patterns are consistent with our in vivo (human) TBI data, thus validating our human stem cell-derived neuronal
platform as a clinically useful reductionist model. Our data cumulatively suggest that IL-6 and TNF have direct actions,
while the action of IL-1f on human neurons likely occurs indirectly through inflammatory cells. The hESC-derived
neurons provide a valuable platform to model cytokine mediated inflammation and can provide important insights into the
mechanisms of neuroinflammation after TBI.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is a common cause of death
and disability." After initial impact, subsequent insults such as
impaired cerebral perfusion and disrupted oxygen supply can cause
secondary injuries and an increasingly neurotoxic environment for
surviving cells.> These secondary injuries have been shown to be
mediated in part by components of the innate immune system,*’
with inflammatory cytokines being specifically implicated.®” The
cytokine response orchestrating subsequent neuroinflammation in

human TBI seems to be determined both temporally and in a dose-
dependent manner.®° Moreover, while it is possible that the in-
flammatory process is driven at least partly by cells crossing the
impaired blood—brain barrier in TBI and spinal cord injury,'®"!
there is evidence of local cytokine generation by glial cells, central
nervous system (CNS) macrophages, and neuronal cells.®'*'* In
animal models, neuronal cells have been shown to produce cyto-
kines, both spontaneously and after external stimuli.”'*~'® Studies
of TBI using human neuron models with exposure to cytokines are
scarce, however.”
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Clinically, cytokines extracted using microdialysis catheters'®
are secreted by the local cellular milieu.® The inflammatory re-
sponse in TBI is complex and difficult to study because of factors
such as the heterogeneity between different CNS injuries and
the limited tools available in the clinical setting.4 Moreover, even
by using in vitro co-cultures of neurons and glial cells, the in-
tricate interplay between different inflammatory reactive cells
remains,”'>'® thus complicating interpretation. A reductionist ap-
proach using human neuronal monoculture provides an opportunity
to directly study specific components of the neuroinflammatory re-
sponse after TBI, because it allows direct comparisons to be made
between the actions of various cytokines in a highly controlled and
reproducible system.

The aim of this study is to investigate the consequences of
specific cytokines most widely studied in the TBI literature—
namely, interleukin-1 beta (IL-1), interleukin-6 (IL-6), and tumor
necrosis factor alpha (TNF)® in human neurons in a dose and
time-dependent manner. Specifically, we focused on elucidat-
ing secondary cytokine responses to primary canonical pro-
inflammatory cytokine exposure, and we validate these data against
cytokine patterns seen in the clinical aftermath of TBI. We over-
come the inaccessibility to human neuronal models by harnessing
directed differentiation of human pluripotent stem cells, which
represent a reductionist, reliable, and clinically relevant model
system.

Methods
Human embryonic stem cell culture

The methods used to generate neuronal cells have been de-
scribed previously in detail and used in previous studies.?'"*
Briefly, two human embryonic stem cell (hESC) lines, H9 (WiCell
Research Institute) and HUES9 (hES facility, Harvard University)
were propagated on a layer of irradiated mouse fibroblasts. These
cells were enzymatically dissociated, mechanically triturated,
centrifuged, and washed and resuspended in medium consisting of
50% Iscove modified Dulbecco medium (IMDM; Gibco) plus 50%
F12 plus Glutamax (Gibco), supplemented with 1.75 mM human
recombinant insulin (Roche), 0.38 mM transferrin (Roche), 450 uM
of monothioglycerol (Sigma), 10 uL/mL—1 lipids (Sigma), and
5 mg/mL~1 bovine serum albumin fraction V (Sigma).

To generate neural precursors, previously published methods
were adapted to fgenera\te predominantly (approximately 80%) ce-
rebral neurons.”'** Detached colonies were centrifuged subse-
quently and washed in fresh medium. Colonies were next chopped
at 150 yum intervals using a Mcllwain tissue chopper (Mickle En-
gineering, Gomshall, U.K.) before being plated at low density in
chemically defined medium, which consisted of 50% IMDM (Gibco)
plus 50% F12 plus Glutamax (Gibco), 1.75 mM human recombinant
insulin (Roche), 0.38 mM transferrin (Roche), 450 mM of mono-
thioglycerol (Sigma), 10 mg/mL lipids (Gibco), and 5 mg/mL bovine
serum albumin fraction V (Sigma) in 10-cm plastic culture dishes on
an orbital shaker. Neural precursors (NPCs) were maintained in
chemically defined medium in the presence of 20 ng/mL of FGF2
from day 8.

For terminal differentiation, hESC-NPCs were plated onto
poly(d-lysine)/laminin-coated coverslips and cultured in Dulbecco
modified Eagle medium (DMEM)/2% B27/1% penicillin/streptomy-
cin/fungizone (PSF), 10 ng/mL—1 BDNF (brain-derived neurotrophic
factor; R&D Systems) and 10 ng/mL—1 GDNF (glial cell-derived
neurotrophic factor; R&D Systems) in the absence of mitogens.
Cells were incubated at 37°C in 5% CO, with replacement of the
culture medium every 72 h. Cells were cultured within 24 well
plastic plates on coverslips in which the volume of culture me-
dium was kept at 1 mL per well.
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Experimental conditions

Human recombinant IL-1p, IL-6, and TNF (Peprotech EC, Lon-
don, UK) was sourced as lyophilized powder, which was recon-
stituted according to the manufacturer’s instructions. Serial dilution
of this stock solution generated the various concentrations required
to generate the final concentrations in Table 1 within the 1 mL wells.
Each cytokine was used at four concentrations covering the range of
concentrations seen within human microdialysis studies after cor-
rection for relative recovery determined in vivo,® as well as covering
higher doses that might be seen in the early phase of injury before
microdialysis monitoring is instituted. Control wells with untreated
cells were also sampled to provide a comparator group.

The cytokine solution (10 uL.) was added to 990 uL. of culture
within each well to make up the desired final concentration within
1 mL at the time of medium replacement. Cell cultures were then
returned to an incubator. Samples were taken as detailed below. We
used two different hESC lines, and 2-3 separate neural inductions
per line, giving us 3-5 repeats for each experiment.

Sample collection and storage

Samples (60 pL) were taken from each well culture supernatant at
the given time points. Five baseline samples were taken before adding
any cytokine. Further samples were taken at 1 h, 24 h, and 72 h after
addition of the respective cytokine (n=3 per time point). When
performing the experiments, seeding density was 100,000 cells per
well of a 24-well plate. Samples were stored at —80°C until analysis.

Cytokine analysis

The cell culture supernatants from three wells for each ex-
perimental condition were analyzed in duplicate wells using the
Milliplex™ MultiAnalyte Profiling (MAP) Human Cytokine/
Chemokine 42 analyte pre-mixed kit (Millipore Corp, St. Louis,
MO) using the manufacturer’s instructions as described previ-
ously.?® The plates were read on a Luminex 200 analyzer (Lu-
minex Corporation, Austin, TX) running STarStation software
(Applied Cytometry Systems, Sheffield, UK). Cytokine concen-
trations were calculated by reference to an eight-point five-
parameter logistic standard curve for each cytokine.

Immunocytochemistry

Neurons were differentiated on poly-D-lysine/laminin coated
glass coverslips. These were fixed with 4% fresh paraformaldehyde
for 20 min at room temperature before being washed three times
with phosphate-buffered saline (PBS). Samples were then blocked
for 1 h at room temperature with 0.3% Triton/ PBS/5% goat serum
before being incubated overnight with primary antibody in 0.2%
Triton/PBS/2% goat serum at 4°C. After three washes in PBS,
secondary antibody (goat anti-mouse, Alexa Fluor 488 or 555,
1:1000) in PBS/Hoechst (1:4000) was next applied for 1 h at room
temperature. Primary antibodies used included S-III tubulin (1:500;
Sigma- Aldrich), orthodenticle homeobox 1 (OTX1), REELIN, T-
Box Brain 1 [TBR1] (1:50; Developmental Studies Hybridoma
Bank [DSHB], Iowa City), Forkhead Box G1 (FOXG1) (1:100;
Abcam), Synapsin (1:500; Calbiochem), microtubule associated
protein 2ab (MAP2ab) (1:500; Sigma-Aldrich), gamma-aminobutyric
acid (GABA) (1:500; Sigma-Aldrich) and glutamate (1:500; Sigma-
Aldrich).

Clinical cytokine data from patients with TBI

We extracted data from two previously published studies from
our group describing the temporal profiles and concentrations of
cytokines from patients with severe TBL.3* In a pilot trial of IL-1
receptor antagonist treatment for TBI, we used brain cytokine
concentrations from the placebo group.>* Demographic data for all
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TABLE 1. SUMMARY OF SIGNIFICANT EFFECTS OF ADDED CYTOKINE ON MEASURED CYTOKINES

IL-6 Added
Conc. I1h 24h

TNF-o Added
Conc. 1h 24h

IL-10 Added
Conc. 1h 24 h

Cytokine measured 72h 72 h 72h

EGF X

Eotaxin X
FGF2
Flt3lig
Fractalkine
G-CSF
GM-CSF
GRO
IFNe2
IFNy

IL-1a X X X
IL-1p5

IL-1ra

IL-2

IL-3

IL-4 X
IL-5 X X

IL-6 X
IL-7 X
IL-8 X
IL-9
IL-10
IL-12p40
IL-12p70
IL-13
IL-15
IL-17
IP-10 X X

MCP-1

MCP-3 X X
MDC

MIP1o X

MIP1p X X
PDGFAA

PDGFABBB

RANTES X X X
sCD40L X

sIL-2Ra X

TNF-o

TNF-f X X X

VEGF

>R

e o T
o
>

o >
>
o
>R

ol
el ols
e lale

XXX X

EGF, epidermal growth factor; FGF2, fibroblast growth factor 2; Flt3lig, Fms-related tyrosine kinase 3 ligand; G-CSF, granulocyte colony-stimulating
factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GRO, chemokine (C-X-C motif) ligand 1 (CXCL1); IFN, interferon; IL,
interleukin; IL-1ra, interleukin-1 receptor antagonist; IP-10/IP10, interferon gamma-induced protein 10 (also known as C-X-C motif chemokine 10
(CXCL10)); MCP-1, monocyte chemotactic protein 1 (also known as CCL2); MCP-3, monocyte chemotactic protein-3 (also known as CCL7); MDC,
macrophage-derived chemokine (also known as CCL22); MIP1a, macrophage inflammatory protein 1 alpha (also known as CCL3); MIP1f, macrophage
inflammatory protein 1 beta (also known as CCL4); PDGF, platelet-derived growth factor; RANTES, regulated on activation, normal T cell expressed and
secreted (also known as CCL5); sCD40L, soluble CD40 ligand; sIL-2Ra, soluble Interleukin-2 receptor antagonist; TNF, tumor necrosis factor; VEGF,
vascular endothelial growth factor.

The columns with bold borders represent each of the experimental conditions (IL-1p, IL-6, and TNF-x). Within these headings, cytokine induction only
affected by concentration difference (‘“Conc.”) of the added cytokine, as well as on each individual time point (1 h, 24 h, 72 h), are tested in a multivariate
analysis of variance. The concentration or time dependent induction of a given cytokine is highlighted with an X if significant (p <0.05). Detailed
description of the analyses performed is available in Supplementary Figure 1.

patients are available in Supplementary Table 1 (see online sup-
plementary material at ftp.liebertpub.com), including age, sex,
admission Glasgow Coma Scale (GCS) and head computed to-
mography (CT) verifiable injury as defined by Marshall CT clas-
sification (Grade II-IV=diffuse and Grade VI=focal).”> As
described in detail in the previous studies,®** patients were moni-
tored for approximately five consecutive days, and cytokine sam-
ples were pooled from 6-h periods. While there was some disparity

in commencement of monitoring after the traumatic ictus, all data
have been corrected to the time of injury to enable comparison with
the in vitro experiments.

Statistical analysis

The effect of each of the added cytokines (IL-1p, IL-6, TNF) on
the measured cytokines (42 cytokine panel) was analyzed using
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a two-way mixed analysis of variance (ANOVA) (to compare
concentrations of each cytokine analyzed). The time at which the
sample was taken (““Time’’; O (baseline levels), 1 h, 24 h, 72 h) was
used as the repeated measure (within subject) variable. The con-
centration of added cytokine (‘‘Concentration”; untreated, and four
concentrations of added cytokine in Table 1) was used as the inde-
pendent (between subject) variable. No assumptions were made
about sphericity of the data, and the more conservative Greenhouse-
Geisser method was used to determine the F-ratio significance value
for the effect of Time and the interaction of time and concentration
(“Time*Concentration’’). The conventional ANOVA F-ratio sig-
nificance value was used for the independent variable ‘‘Concentra-
tion.” For those cytokines in which the ANOVA significance value
was <0.05, post hoc tests were used to explore the nature of this
contrast.

Tests of contrast within “Time” and the interaction of ‘““Time*-
Concentration” were tested against three potential models: linear,
quadratic, and cubic. The model with the most stringent p value is
quoted. In cases where the p values are identical, the relevant models
are listed. In the case of Concentration, the Bonferroni multiple
comparison test was used to determine significance values between
each of the added concentrations.

In a separate analysis, we have compared the effects of the three
added cytokines in a multivariate ANOVA in which the dependent
variables were the measured cytokines at three time points (i.e.,
cytokine measured at 1 h, cytokine measured at 24 h, and cytokine
measured at 72h) and the independent variable was the cytokine
added (No cytokine added, IL-1p, IL-6, TNF). In this case, the data
from the control wells with untreated are not incorporated into the
series of concentrations but are compared as a separate group:
“untreated.” For the F-ratios and post hoc tests described above, a
p value of <0.05 has been used throughout.

Descriptively, we compared the temporal profiles of cytokine
release as well as concentrations in vivo from a previous study and
compared them with our results.®*

Results
hESC-derived neuronal cultures

After neural induction, we detected 95.0+1.5% NESTIN posi-
tive cells (Fig. 1), suggesting efficient neural conversion consistent
with previous studies.?!*? This was reinforced by a high enrich-
ment of neurons on terminal differentiation; 84.1+1.6% of total
cultures were plIlI-tubulin positive and exhibited characteristic
neuronal morphology (Fig. 2A,B). Notably only 2.9 +0.6% of total
cells were glial fibrillary acidic protein (GFAP) positive (Fig. 1),
confirming a minimal presence of astrocytes. Less than 1% of the
resulting cultures were O4 positive, suggesting negligible oligo-
dendrogenesis (data not shown), which when considered together
with approximately 3% astrocyte specification is consistent with
the predominantly neuronal (rather than glial) potential of neural
precursors soon after neural induction.

The terminally differentiated neuronal cultures also expressed
synapsin, glutamate, GABA and MAP2ab (Fig. 2C). In line with the
expected/default telencephalic neuronal fate, we also confirmed the
expression of cortical neuronal markers including TBR1, OTX1,
REELIN, and FOXG1 (Fig. 2D). This enriched neuronal population
containing cortical derivatives serves as a reductionist human
in vitro model for further study.

Induction of cytokine response

Cytokine generation from the enriched neuronal cultures was
induced by exogenously adding escalating concentrations of IL-1,
IL-6, and TNF analogous to the aftermath of TBI (Fig. 3A—C). The
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FIG. 1. Percentage immunopositive cells after neural induction
for NESTIN (95.0£1.5%) and on terminal differentiation for SIII-
tubulin (84.1+1.6%) and glial fibrillary acidic protein (GFAP)
(2.9£0.6%). Bars represent mean=*standard error of the mean.
NPCs, neural precursors.

concentrations of exogenously added cytokines are maintained
across all time points during the experimental period (Fig. 3). All
cytokines assayed were detected at some point within our experi-
mental paradigm, other than transforming growth factor beta
(TGFEp).

Temporal and concentration dependent effect
of cytokine-stimulated neuronal cultures

IL-6 and TNF induction resulted in a concentration and time
dependent increase of 15 and 11 cytokines, respectively, while IL-
1f only showed a concentration dependent induction for IP10
(Table 1). Moreover, cytokine responses to IL-6 and TNF induction
were in general different, only overlapping for IL-7. Table 1
summarizes the results from the relevant post hoc tests regarding
the effects of adding each of the three cytokines on measured cy-
tokine at different concentrations and at each of the time points.
Supplementary Table 2 summarizes the results of the relevant post
hoc tests from the two-way mixed ANOVA performed for each
cytokine (Supplementary Table 2 and Supplementary Fig. 1; see
online supplementary material at ftp.liebertpub.com).

Patterns of cytokine release

Some cytokines are produced in a concentration dependent
fashion (Fig. 4A, pattern 1). Conversely, some are produced at a
given time in response to the added cytokine but do not show a
statistically significant effect in response to increasing concentra-
tions of primary cytokine exposure (Fig. 4B, pattern 2). A further
pattern was observed where cytokines show both a time and a
concentration dependency (Fig. 4C, pattern 3). Table 2 summarizes
these three patterns of cytokine production after cytokine exposure,
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FIG. 2.

(A) Phase contrast image (x200) showing the enriched neuronal cultures that were used in the experiments. (B) Illustrates
immunocytochemistry of the neuronal culture with SIII-tubulin stained neurons (green) and DAPI (blue) as cellular counterstaining
(scale bar: 50 um). (C) Confirms neuronal and neurotransmitter markers by staining for synapsin, glutamate, MAP2ab, and GABA (red),
DAPI (blue), and fIII-tubulin (green) (scale bar: 50 um). (D) Illustrates cortical markers, resulting as a default regional identity after
neural induction by staining for FOXG1, OTX1, TBR1, and REELIN (scale bar: 25um). pIII-tubulin, Beta-IlI-tubulin; DAPI, 4°,6-
diamidino-2-phenylindole; MAP2ab, microtubule associated protein 2ab; GABA, gamma-aminobutyric acid; FOXGI, Forkhead
Box G1; OTX1, orthodenticle homeobox 1; TBR, T-Box, Brain 1.

which are exemplified for a subset of cytokines produced in response
to IL-6 (Fig. 4). Similar principles, however, are applicable across a
wider range of cytokines (Table 2 and Supplementary Fig. 1).

Cytokine temporal patterns in vivo vs. in vitro

In previous studies, we have characterized a time-resolved cy-
tokine response after TBI1.5%*26 we compared the time dependent
increase in the present study with our previous data (Table 3).®
Several cytokines, including IL1ra, IL6, IL7, IL8, GRO, MIP1p,
and RANTES exhibit similar levels in vivo as they do in our in vitro
model. The concentrations of cytokines were consistently higher
in the in vivo study,?* with some selected cytokines exhibiting a
strikingly higher concentration in vivo than others (factor >100 X )
(i.e., G-CSF). Other cytokines had a more modest increase (e.g.,
RANTES factor 5-10x; Table 3).

Discussion

We have established a reproducible platform to measure the
secondary cytokine responses in human enriched cortical neurons
subjected to primary canonical pro-inflammatory cytokines. Im-
portantly, we based our target concentration ranges on previously
determined human TBI conditions. We demonstrated that a wide
range of inflammatory mediators is differentially induced by the

addition of IL-6 and TNF and that the response was both time- and/
or concentration-dependent. Conversely, IL-1/ only induced IP10,
which likely reflects the absence of glia in our neuronal culture
paradigm. Compared with the clinical conditions in brain extra-
cellular fluid (ECF), however, our cytokine concentrations were
lower, which is again likely attributable to the contribution of glial
cells to the neuroinflammatory response, and argues for future
studies focusing on astrocytes and microglia.

The principal CNS immune mediators are long-held to be mi-
croglial cells,?” while more recently a potent role of astrocytes has
been shown,”®° with an intricate interplay between these cell
types.’!*? Studies on neurons as immunocompetent cells are
scarce, but it has been shown that they can produce major histo-
compatibility complex (MHC) 1 mRNA in response to inflamma-
tory (interferon [IFN]y) stimulation,®® which results in diverse
immunological responses to different stimuli.***> Moreover, it has
been suggested that the immunological actions of neurons could
cause ongoing neuroinflammation in neurodegenerative dis-
eases,”®>” which could in theory be initiated, or augmented, by
TBI. Importantly, while an increase of commonly considered pro-
inflammatory cytokines such as IL-1f and IL-6 have been associ-
ated with an unfavorable outcome for patients with TBL,*®% we
believe it would be overly simplistic to draw conclusions from
individual cytokine levels because of the complex and dynamic
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cellular interplay that orchestrates the inflammatory response. In-
deed, these processes have been shown to exert both harmful and
beneficial capabilities after brain injury.***!

In this study, we have deliberately chosen not to separate
downstream assayed cytokines into pro- and anti-inflammatory
groups. Moreover, to give cytokines a distinctively pro- and anti-
inflammatory role might not be accurate,*? and from our experi-
ences using anti-inflammatory treatment (IL-1 receptor antagonist
in TBI), the response is complex, and different pathways and
clusters may form making it difficult to determine specific in-
flammatory preference.?® Thus, we looked at patterns incorporating
several cytokines, a similar approach as we recommend in the
clinical situation.**** In summary, we observed production of
different patterns of cytokines in enriched human cortical neuronal
cultures after cytokine induction, which may alter pathophysio-
logical processes in both potentially beneficial and unfavorable
ways in the in vivo situation.

While it has been shown that cultured cells of the CNS produce
cytokines,'>**¢ this has been in a disparate range of cultures.
Previously, cultured rat sympathetic ganglia and rat dorsal root
ganglia have been shown to produce cytokines (IL-1f and IL-
6),"*> mouse embryonal neurons have been induced with cyto-
kines where IL-6 and chemokines IP10/CXCL10, MCP-1/CCL2,
and KC/CXCL1 concentrations were assessed,'® and rat pyramidal
neurons have shown IL-6 mRNA production.'* To our knowledge,
however, this is the first study to utilize enriched human neuronal
cultures, specifically with a cortical phenotype, in this context.

This study provides a translational, complementary in vitro
system to parallel our ongoing clinical research in human subjects.®
Moreover, because of logistical reasons, it is difficult to measure
the inflammatory response the first hours after trauma in patients
with severe TBIL.® Based on the animal literature, the initial hours
after trauma usually present the highest levels of key cytokines,*’
and given that anti-inflammatory treatments in TBI are highly
sought after,’® the current in vitro platform holds promise for future
translational work. Further, one of the main benefits of a hESC
system is that it may be used to study further applied clinical
scenarios, such as cytokine inhibitors,” on functional conse-
quences and cytokine expression patterns. In aggregate, while
nonhuman neuronal cultures have been shown to generate cyto-
kines, we present an in vitro model of enriched human cortical
neuronal cultures that may be used to investigate inflammatory
mediators, serving as a valuable pre-clinical model for putative
TBI therapies.

While both IL-6 and TNF exposure induce a wide range of
inflammatory cytokines, chemokines, and growth factors, IL-1f
did not induce any downstream cytokines in our neuronal cultures
other than IP10. An increase in IP10 has been shown previously by
Tsakiri and colleagues,'® using mouse embryonic neuronal cultures
exposed to IL-1. They reported an increased production of several
additional other cytokines, however, which could be attributed to
the higher concentrations of IL-1 used (mg/mL instead of ng/mL

<
FIG. 3. Illustrating the different concentrations of cytokines (y-
axis log, error bar illustrates mean * standard error of the mean)
that were used for (A) IL-1f, (B) IL-6, and (C) TNF over time (1,
24, and 72h x-axis). As can be seen in the Panel legends, the
different colors of the lines are escalating concentrations of the
added cytokine. The same colors/concentrations also are present
in Supplementary Figure 1. IL, interleukin; TNF, tumor necrosis
factor.
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FIG. 4. Mean sCD40L (A), MIP1a (B), and IL-12p70 (C) concentrations as induced by IL-6 to exemplify the different release patterns
of a concentration dependent, a time dependent, and a time and concentration dependent release of cytokines (as seen in Table 3). Bars
representing escalating concentration as seen in the legend included and is mean * standard error of the mean. sCD40L, soluble CD40
ligand; MIP1a=macrophage inflammatory protein 1 alpha; IL, interleukin.

and pg/mL in our study), thus not representative of clinically rel-
evant levels.®'® Using embryonic murine cortical neurons in vitro,
Ringheim and colleagues” noted that IL-1 and TNF stimulation led
to IL-6 and IL-6 mRNA production in the cells. Of the two, TNF
stimulation led to greater increase, but similar to the study by
Tsakiri and colleagues,16 they also used higher, nonphysiological
concentrations of IL-1 and TNF.

Our finding that IL-1f induced a limited cytokine response may
reflect a relative paucity of IL-1 receptors (IL-1R) on the neuronal

population. We analyzed RNA sequencing data from equivalently
enriched neuronal and astrocyte cultures derived from human
pluripotent cells™ to investigate IL-1R 1 (IL1R1) and IL-1 receptor
accessory protein (ILIRAP) expression. The ILIRAP plays an
essential role for IL1R1 signaling in the brain,>* making them es-
sential to assess together. We found that IL1R1 and ILIRAP were
similarly expressed in neurons, but exhibited lower expression than
in astrocyte cultures (Supplementary Fig. 2; see online supple-
mentary material at ftp.liebertpub.com).
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TABLE 2. SUMMARY OF CYTOKINE INDUCTION

Cytokine induced

Pattern 1
Cytokine (concentration Pattern 2
added dependent) (time dependent) Pattern 3 (time and concentration dependent)
IL-18 P10
1IL-6 IL-1a, IL-4, sCD40L IL-1ra, IL-5, IL-13, MIP1a,  EGF, FGF-2, Fractalkine, GM-CSF, IFN«2, IFNy, IL-7,
RANTES IL-12p40, IL-12p70, MIP1p, sIL-2Ra, TNFf
TNF Eotaxin, GM-CSF, IP10  Fractalkine, IL-6, IL-10, GRO, IL-1¢, IL-7, IL-8, MCP3, MIP1 /5, RANTES, sCD40L

PDGF ABBB

IP-10, interferon gamma-induced protein 10; sCD40L, soluble CD40 ligand; MIP1w, macrophage inflammatory protein 1 alpha; RANTES, regulated
on activation, normal T cell expressed and secreted; EGF, epidermal growth factor; FGF2, fibroblast growth factor 2; GM-CSF, granulocyte-macrophage
colony-stimulating factor; IFN, interferon; MIP1 5, macrophage inflammatory protein 1 beta; sIL-2Ra, soluble interleukin-2 receptor antagonist; PDGF,

platelet-derived growth factor; MCP-3, monocyte chemotactic protein-3.

The three patterns of cytokine induction detected after interleukin (IL)-1/, IL-6, and tumor necrosis factor (TNF) exposure. Pattern 1: concentration
dependent but time independent cytokine response; Pattern 2: time dependent but concentration independent cytokine response; Pattern 3: time and

concentration dependent cytokine response.

Further, it has been shown that IL-1f is not directly toxic in
neuronal cell culture in the absence of glia,>">> suggesting that
neurons may not be the primary site of action of IL-1f in this
context, consistent with higher receptor mRNA levels in enriched
astrocyte cultures. Previously, neurons have been shown to produce
higher levels of IL-1f with other glial cells, such as astrocytes and
microglia,”® where IL-1p has been shown to demonstrate a potent
dose-dependent neurotoxic effect.’’>” Alternatively, using indi-
vidual IL-1 treated astrocytic culture supernatant on a human fetal
neuron culture also induced neuronal death.>® In a further human
fetal neuronal/glial co-culture model, IL-1/ and TNF did not show

neurotoxic effects in isolation but caused neuronal death in com-
bination.”® In a similar model system, IL-14 and IFNy also dem-
onstrated a synergistic neurotoxic effect, possibly via induction of
TNF.' In contrast, IL-6 has been shown more commonly to have
a neurotrophic action; however, like many cytokines, the exact ac-
tions are dependent on culture model, duration, and concentration
of exposure.”®® In aggregate, IL-1 exposure did not lead to the
same extent of cytokine production as IL-6 and TNF, which could
be because of the enriched neuronal monoculture setup.
Cytokines that increased over time after exposure to different IL-
6 and TNF concentrations differed greatly, only really overlapping

TABLE 3. CYTOKINE TEMPORAL PATTERN IN VIVO VS. IN VITRO

Time to peak Mean concentration Mean concentration

Cytokine in vivo Time to peak in vitro in vivo (ECF) (pg/ml) in vitro (supernatant) (pg/ml)  Factor higher in vivo
TNF <24h - 19.0 1.5 12.7
L7 Up to 24h 1-72h 46.7 26.1 1.8
L8 Up to 24h 24-72h 5871 156 37.6
MIPlo Up to 36h 72h 531 25.6 20.7
sCD40L Up to 48h 72h 234 1.9 123
GRO Up to 48h 24-72h 1299 67.5 19.2
IL1p Up to 48h - 16.5 1.4 11
PDGF AA  Upto 48h - 3690 418 8.8
MIP1p Up to 60h 24-72h 680 272 25
RANTES Up to 60h 1-72h 213 40.0 53
IL1Ira 24-72h 24h 208 10.2 20.4
1L6 24-72h 24h 5789 289 20
G-CSF 24-72h - 3650 52 702
1P10 24-72h - 47345 709 66.8
IL12p70 96-144h 1-72 29.7 35 8.5
1IL10 96-144h 24-72h 73.0 9.1 8.0

TNF, tumor necrosis factor; IL, interleukin; MCP-1, monocyte chemotactic protein 1; sSCD40L, soluble CD40 ligand; GRO, chemokine (C-X-C motif)
ligand 1; PDGEF, platelet-derived growth factor; RANTES, regulated on activation, normal T cell expressed and secreted; G-CSF, granulocyte colony-
stimulating factor; IP-10/IP10, interferon gamma-induced protein 10.

Table depicts the temporal release patterns of some cytokines previously analyzed in the aftermath of human TBI,' and concentrations seen in the
extracellular fluid after TBI.? Time to peak describes when the highest concentrations could be seen after trauma or cytokine induction. The concentration
is compared between the brain extracellular fluid (ECF) as seen after TBI and in the culture supernatant. The factor higher concentration in vivo compared
with in vitro is noted.

1. Helmy, A., Carpenter, K.L., Menon, D.K., Pickard, J.D., and Hutchinson, P.J. (2011). The cytokine response to human traumatic brain injury:
temporal profiles and evidence for cerebral parenchymal production. J. Cereb. Blood Flow Metab. 31, 658-670.

2. Helmy, A., Guilfoyle, M.R., Carpenter, K.L., Pickard, J.D., Menon, D.K., and Hutchinson, P.J. (2014). Recombinant human interleukin—1 receptor
antagonist in severe traumatic brain injury: a phase Il randomized control trial. J. Cereb. Blood Flow Metab. 34, 845-851.
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in IL-7 levels. This suggests that there are distinct signature cyto-
kine release profiles in response to specific exogenous cytokine
triggers. For example, IL-6, TNF, and IL-1f, while they are usually
grouped together as ‘‘pro-inflammatory cytokines,” exert vastly
different effects in our paradigm.®®* IL-18 and TNF signaling
work primarily through nuclear factor-x 8 (NFxf5) translocation to
the nucleus where an array of inflammatory genes is activated in
response.®%* While IL-6 has a comparable JAK-STAT and MAPK
nuclear translocation system, it can operate through either a trans-
membrane receptor or a soluble receptor, which greatly increases its
capacity.%® Similarly, TNF also has a soluble receptor that can in-
teract directly with cells,°® but which is not evident to the same
extent for IL-1f. Thus, the internal signaling and amplification
through soluble receptors might, in part, explain the differences in
secondary cytokine induction (and indeed level of induction), after
exposure to a defined primary cytokine stimulus.

Ensuing from our data analysis, three patterns of cytokine in-
duction are apparent where the first pattern is concentration de-
pendent, the second is time dependent but not concentration
dependent, and the third is both time dependent and concentration
dependent (Fig. 4 and Table 2). One would expect that if a cytokine
is induced, it will show dependency on the concentration of the
added cytokine if within the physiological range of stimulation, and
differences in concentration of the induced cytokine will be ap-
parent when the results for different added cytokines and obser-
vation time-points are compared.

Previous studies induced a cytokine response by adding IL-1f
and TNF to embryonic CNS cell mixed cultures'>>” and noticed
a dose- and time-dependent production of IL-6, IL-1f, and TNF
produced mainly by microglia. In comparison with our previous
in vivo work,#?*2%%3 while the sampling resolution was different,
many of the cytokines after TBI, (e.g., RANTES, IL-7, IL-8, GRO,
and MIP1p) seem to follow similar temporal trends in vitro as in
patients (Table 3).% Hence, this in vitro model supports the time-
dependent endogenous production of cytokines.® Moreover, all
cytokine concentrations measured were lower than in the in vivo
situation (Table 3), but for many, the ratio between in vivo and
in vitro was much higher suggesting that production of these cy-
tokines is predominantly driven by glial cells compared with oth-
ers.”® Cytokines with a lower ratio between in vivo and in vitro,
such as IL-8, could also suggest that neuronal production could
contribute in part. Microdialysis estimation of in vivo concentra-
tions also suffers from low relative recovery (proportion extracted
of the true extracellular concentration) of cytokines in comparison
with the in vitro situation where the ‘“‘true” concentration can be
directly analyzed.®?*

Future studies, using co-cultured cells, can demonstrate the
different potency in cytokine production between glial and neuro-
nal cells. In summary, our study harnesses a human neuronal model
to gain clinically relevant insight into the temporal consequences of
exposure to key cytokines implicated in TBI.

Limitations

While IL-6 has been shown to induce the largest number of
cytokines in this model, this may stem from its use at several-fold
higher concentration than TNF and IL-1f. Moreover, when con-
firming the administered levels of IL-6 in the cultures (Fig. 3), the
maximum concentration added (1,000 ng/mL) exceeded the con-
centration range of the assay (~100ng/mL), and therefore the
apparent result generated by the assay returns this upper limit value
at all time points. This increased concentration range was chosen,
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however, based on human studies described previously, as to best
model the clinical conditions.®

Any in vitro model will not be representative entirely of the
in vivo situation, particularly in relation to interactions between
different cell types. In addition, the neuronal phenotype might
differ from what is seen in humans in vivo in a single cell type
enrichment culture. This is important particularly in the context of
the inflammatory response to trauma because microglia may be an
important driver of the balance between neurodegeneration and
neuroprotection.’”%® Nevertheless, what is lost in terms of the ac-
curacy from the model is gained in the interpretation of the results
in a highly defined and human system.

The choice of cytokines to measure is somewhat arbitrary;
however, they were chosen based on a wide screen of potential
mediators using multiplex technology. Importantly, they allow for
comparison with our clinical studies where the neuroinflammatory
response after TBI is assessed using down-stream cytokine re-
sponses in human subjects with TBL3**2

The purity of the cultures used has been described previously in
detail.?' This is a key determinant of the interpretations drawn from
these data. Although we are confident of the high purity of the
neuronal culture used (approximately 84%, Fig. 1) and that the
cytokines thus have a neuronal origin, a minority of alternative cell
types, mainly neuronal precursors (approximately 13%) but also
some astrocytes (approximately 3%), could contribute to total cy-
tokine production. The lack of any substantial cytokine production
on addition of IL-1f3, however, suggests that astrocytes were likely
not present to any great extent in the cultures.®® Moreover, mi-
croglia are effectively excluded from our cultures because of dif-
ferent developmental origins and thus divergent culture protocols
necessary to specify these cells. It would be possible to refine
cultures further using fluorescence-activated cell sorting (FACS)
techniques and appropriate antibodies. This would add physical
stress, however, including shearing forces, osmotic stress, and laser
damage,’® which would alter the cells and presumably induce or
modify a cytokine response. For future experiments, we will aim to
establish the exact origin of cytokines in terms of cell-type as well
as receptor expression of the affected cells.

The TGFp was the only cytokine that could not be measured at
any time point in the culture medium, while several other cytokines
appeared at low concentrations approaching the limit of sensitivity
of the Luminex assay. For example, at the 1-h time point, FGF2,
Flt3lig, GCSF, IL-2, IL-5, IL-15, and IL-17 appear to have very
consistent concentrations across all wells assayed. This is likely to
reflect the insensitivity of the assay at the lower limits of the
standard concentration curve, such that the fluorescence intensity is
interpreted as the lowest quantifiable standard. In this case, the
results are not interpretable. Because each time point was run on a
separate plate, the lower quantifiable limit may vary from time
point to time point.

We did not analyze cellular fate in the neuronal cultures after the
cytokine exposure. While this was not within the primary scope of
the study, it would have provided information about the state of the
cells or the rate of cellular death. We used relatively low concen-
trations of cytokines, however, compared with similar studies that
show cellular toxicity.'® For instance, similar concentrations of IL-
13 do not affect cellular viability above vehicle controls.”" For IL-6
and TNF, similar concentrations have even been shown to be
neuroprotective for retinal ganglion cells and enteric neurons,
respectively.”"’> Thus, while it is not possible to exclude the
possibility that some neurons might have succumbed because of
cytokine exposure, the available literature suggests that this is
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probably not the case, because of the relatively low concentrations
used in the present study.

Conclusions

This study has demonstrated a reproducible platform for ex-
amining a range of inflammatory mediators for their putative ef-
fects on enriched human neuronal cultures, providing a useful
comparator for data after human TBI. We found that a range of
cytokines is induced by the addition of IL-6 and TNF in a dose- and
time-dependent manner. Additional research is necessary to fully
explore the pathophysiological response after cytokine induction
in vivo and in vitro. Importantly, the patterns of cytokine response
we uncovered here are consistent with our in vivo experiments in
human subjects with TBI, thus validating our human stem cell-
derived neuronal platform as a clinically useful reductionist model.

Acknowledgments

The authors gratefully acknowledge the support from Caroline
Lindblad, Karolinska Institutet, Stockholm, Sweden and Tamara
Tajsic, University of Cambridge, Cambridge, United Kingdom, for
their help in reviewing the article.

The author(s) gratefully acknowledge receipt of the following
financial support. Medical Research Council (Grant No. GO600986
ID79068) and National Institute for Health Research Biomedical
Research Centre, Cambridge (Neuroscience Theme; Brain Injury and
Repair Theme). Authors’ support: EPT — Swedish Society of Med-
icine (Grant no. SLS-587221); KLHC — National Institute for Health
Research Biomedical Research Centre, Cambridge (Neuroscience
Theme; Brain Injury and Repair Theme); PJH — National Institute for
Health Research Professorship, Academy of Medical Sciences/
Health Foundation Senior Surgical Scientist Fellowship and the
National Institute for Health Research Biomedical Research Centre,
Cambridge; AH — Medical Research Council/Royal College of
Surgeons of England Clinical Research Training Fellowship, Royal
College of Surgeons of England Pump Priming Grant and the Na-
tional Institute for Health Research Biomedical Research Centre,
Cambridge; RP — Wellcome Trust Intermediate Clinical Fellow
(101149/Z/13/A). We acknowledge support from the National In-
stitute for Health Research University College London Hospitals
Biomedical Research Centre. The funding bodies did not participate
in the design of the study; collection, analysis, and interpretation of
data; and writing of the article.

Author Disclosure Statement

PJH is a director of Technicam Ltd. For the remaining authors,
no competing financial interests exist.

References

1. Roozenbeek, B., Maas, A.L, and Menon, D.K. (2013). Changing
patterns in the epidemiology of traumatic brain injury. Nat. Rev.
Neurol. 9, 231-236.

2. Maas, A.L, Stocchetti, N., and Bullock, R. (2008). Moderate and se-
vere traumatic brain injury in adults. Lancet Neurol. 7, 728-741.

3. Werner, C., and Engelhard, K. (2007). Pathophysiology of traumatic
brain injury. Br. J. Anaesth. 99, 4-9.

4. Morganti-Kossmann, M.C., Rancan, M., Stahel, P.F., and Kossmann,
T. (2002). Inflammatory response in acute traumatic brain injury: a
double-edged sword. Curr. Opin. Crit. Care. 8, 101-105.

5. Babcock, A.A., Wirenfeldt, M., Holm, T., Nielsen, H.H., Dissing-
Olesen, L., Toft-Hansen, H., Millward, J.M., Landmann, R., Rivest,
S., Finsen, B., and Owens, T. (2006). Toll-like receptor 2 signaling in
response to brain injury: an innate bridge to neuroinflammation. J.
Neurosci. 26, 12826-12837.

10.

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

THELIN ET AL.

. Helmy, A., De Simoni, M.G., Guilfoyle, M.R., Carpenter, K.L., and

Hutchinson, P.J. (2011). Cytokines and innate inflammation in the
pathogenesis of human traumatic brain injury. Prog. Neurobiol. 95,
352-372.

. Chen, W., Sheng, J., Guo, J., Peng, G., Hong, J., Li, B., Chen, X., Li,

K., and Wang, S. (2017). Cytokine cascades induced by mechanical
trauma injury alter voltage-gated sodium channel activity in intact
cortical neurons. J. Neuroinflammation 14, 73.

. Helmy, A., Carpenter, K.L., Menon, D.K., Pickard, J.D., and Hutch-

inson, P.J. (2011). The cytokine response to human traumatic brain
injury: temporal profiles and evidence for cerebral parenchymal pro-
duction. J. Cereb. Blood Flow Metab. 31, 658-670.

. Roberts, D.J.,, Jenne, C.N., Leger, C., Kramer, A.H., Gallagher, C.N.,

Todd, S., Parney, LF., Doig, C.J., Yong, V.W., Kubes, P., and Zygun,
D.A. (2013). Association between the cerebral inflammatory and
matrix metalloproteinase responses after severe traumatic brain injury
in humans. J. Neurotrauma 30, 1727-1736.

Chodobski, A., Zink, B.J., and Szmydynger-Chodobska, J. (2011).
Blood-brain barrier pathophysiology in traumatic brain injury. Transl.
Stroke Res. 2, 492-516.

Yang, L., Blumbergs, P.C., Jones, N.R., Manavis, J., Sarvestani, G.T.,
and Ghabriel, M.N. (2004). Early expression and cellular localization
of proinflammatory cytokines interleukin-1beta, interleukin-6, and
tumor necrosis factor-alpha in human traumatic spinal cord injury.
Spine (Phila Pa 1976) 29, 966-971.

. Sebire, G., Emilie, D., Wallon, C., Hery, C., Devergne, O., Delfraissy,

J.F., Galanaud, P., and Tardieu, M. (1993). In vitro production of IL-6,
IL-1 beta, and tumor necrosis factor-alpha by human embryonic mi-
croglial and neural cells. J. Immunol. 150, 1517-1523.

. Freidin, M., Bennett, M. V., and Kessler, J.A. (1992). Cultured sym-

pathetic neurons synthesize and release the cytokine interleukin 1
beta. Proc. Natl. Acad. Sci. U. S. A. 89, 10440-10443.

Schobitz, B., de Kloet, E.R., Sutanto, W., and Holsboer, F. (1993).
Cellular localization of interleukin 6 mRNA and interleukin 6 receptor
mRNA in rat brain. Eur. J. Neurosci. 5, 1426-1435.

Murphy, P.G., Grondin, J., Altares, M., and Richardson, P.M. (1995).
Induction of interleukin-6 in axotomized sensory neurons. J. Neurosci.
15, 5130-5138.

Tsakiri, N., Kimber, 1., Rothwell, N.J., and Pinteaux, E. (2008). Dif-
ferential effects of interleukin-1 alpha and beta on interleukin-6 and
chemokine synthesis in neurones. Mol. Cell. Neurosci. 38, 259-265.
Johansson, S., Price, J., and Modo, M. (2008). Effect of inflammatory
cytokines on major histocompatibility complex expression and dif-
ferentiation of human neural stem/progenitor cells. Stem Cells 26,
2444-2454.

Hutchinson, P.J., Jalloh, I., Helmy, A., Carpenter, K.L., Rostami, E.,
Bellander, B.M., Boutelle, M.G., Chen, J.W., Claassen, J., Dahyot-
Fizelier, C., Enblad, P., Gallagher, C.N., Helbok, R., Hillered, L., Le
Roux, P.D., Magnoni, S., Mangat, H.S., Menon, D.K., Nordstrom, C.H.,
O’Phelan, K.H., Oddo, M., Perez Barcena, J., Robertson, C., Ronne-
Engstrom, E., Sahuquillo, J., Smith, M., Stocchetti, N., Belli, A., Car-
penter, T.A., Coles, J.P., Czosnyka, M., Dizdar, N., Goodman, J.C.,
Gupta, A K., Nielsen, T.H., Marklund, N., Montcriol, A., O’Connell,
M.T., Poca, M.A., Sarrafzadeh, A., Shannon, R.J., Skjoth-Rasmussen, J.,
Smielewski, P., Stover, J.F., Timofeev, 1., Vespa, P., Zavala, E., and
Ungerstedt, U. (2015). Consensus statement from the 2014 International
Microdialysis Forum. Intensive Care Med. 41, 1517-1528.

Downen, M., Amaral, T.D., Hua, L.L., Zhao, M.L., and Lee, S.C.
(1999). Neuronal death in cytokine-activated primary human brain cell
culture: role of tumor necrosis factor-alpha. Glia 28, 114-127.
Schmidt, O.1., Heyde, C.E., Ertel, W., and Stahel, P.F. (2005). Closed
head injury—an inflammatory disease? Brain Res. Brain Res. Rev. 48,
388-399.

Joannides, A.J., Fiore-Heriche, C., Battersby, A.A., Athauda-
Arachchi, P., Bouhon, I.A., Williams, L., Westmore, K., Kemp, P.J.,
Compston, A., Allen, N.D., and Chandran, S. (2007). A scaleable and
defined system for generating neural stem cells from human embry-
onic stem cells. Stem Cells 25, 731-737.

Patani, R., Compston, A., Puddifoot, C.A., Wyllie, D.J., Hardingham,
G.E., Allen, N.D., and Chandran, S. (2009). Activin/Nodal inhibition
alone accelerates highly efficient neural conversion from human em-
bryonic stem cells and imposes a caudal positional identity. PLoS One
4, e7327.

Helmy, A., Carpenter, K.L., Skepper, J.N., Kirkpatrick, P.J., Pickard,
J.D., and Hutchinson, P.J. (2009). Microdialysis of cytokines: meth-



IN VITRO CYTOKINE PRODUCTION IN TBI

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

odological considerations, scanning electron microscopy, and deter-
mination of relative recovery. J. Neurotrauma 26, 549-561.

Helmy, A., Guilfoyle, M.R., Carpenter, K.L., Pickard, J.D., Menon,
D.K., and Hutchinson, P.J. (2014). Recombinant human interleukin-1
receptor antagonist in severe traumatic brain injury: a phase II ran-
domized control trial. J. Cereb. Blood Flow Metab. 34, 845-851.
Marshall, L.F., Marshall, S.B., Klauber, M.R., Clark, M.V, Eisenberg,
H.M., Jane, J.A., Luerssen, T.G., Marmarou, A., and Foulkes, M.A.
(1991). A new classification of head-injury based on computerized-
tomography. J. Neurosurg. 75, S14-S20.

Helmy, A., Guilfoyle, M.R., Carpenter, K.L., Pickard, J.D., Menon,
D.K., and Hutchinson, P.J. (2016). Recombinant human interleukin-1
receptor antagonist promotes M1 microglia biased cytokines and
chemokines following human traumatic brain injury. J. Cereb. Blood
Flow Metab. 36, 1434-1448.

Streit, W.J. (2002). Microglia as neuroprotective, immunocompetent
cells of the CNS. Glia 40, 133-139.

Aloisi, F., Care, A., Borsellino, G., Gallo, P., Rosa, S., Bassani, A.,
Cabibbo, A., Testa, U., Levi, G., and Peschle, C. (1992). Production of
hemolymphopoietic cytokines (IL-6, IL-8, colony-stimulating factors)
by normal human astrocytes in response to IL-1 beta and tumor ne-
crosis factor-alpha. J. Immunol. 149, 2358-2366.

Zamanian, J.L., Xu, L., Foo, L.C., Nouri, N., Zhou, L., Giffard, R.G.,
and Barres, B.A. (2012). Genomic analysis of reactive astrogliosis. J.
Neurosci. 32, 6391-6410.

Anderson, M.A., Burda, J.E., Ren, Y., Ao, Y., O’Shea, T.M., Kawa-
guchi, R., Coppola, G., Khakh, B.S., Deming, T.J., and Sofroniew,
M.V. (2016). Astrocyte scar formation aids central nervous system
axon regeneration. Nature 532, 195-200.

. Benveniste, E.N. (1992). Inflammatory cytokines within the central

nervous system: sources, function, and mechanism of action. Am. J.
Physiol. 263, C1-16.

Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen,
CJ., Schirmer, L., Bennett, M.L., Munch, A.E., Chung, W.S., Pe-
terson, T.C., Wilton, D.K., Frouin, A., Napier, B.A., Panicker, N.,
Kumar, M., Buckwalter, M.S., Rowitch, D.H., Dawson, V.L., Dawson,
T.M., Stevens, B., and Barres, B.A. (2017). Neurotoxic reactive as-
trocytes are induced by activated microglia. Nature 541, 481-487.
Neumann, H., Cavalie, A., Jenne, D.E., and Wekerle, H. (1995). In-
duction of MHC class I genes in neurons. Science 269, 549-552.
Medana, I.M., Gallimore, A., Oxenius, A., Martinic, M.M., Wekerle,
H., and Neumann, H. (2000). MHC class I-restricted killing of neurons
by virus-specific CD8+ T lymphocytes is effected through the Fas/
FasL, but not the perforin pathway. Eur. J. Immunol. 30, 3623-3633.
Prabowo, A.S., Iyer, A.M., Anink, J.J., Spliet, W.G., van Rijen, P.C.,
and Aronica, E. (2013). Differential expression of major histocom-
patibility complex class I in developmental glioneuronal lesions. J.
Neuroinflammation 10, 12.

. Cebrian, C., Loike, J.D., and Sulzer, D. (2014). Neuronal MHC-I ex-

pression and its implications in synaptic function, axonal regeneration
and Parkinson’s and other brain diseases. Front. Neuroanat. 8, 114.
Cebrian, C., Zucca, F.A., Mauri, P., Steinbeck, J.A., Studer, L.,
Scherzer, C.R., Kanter, E., Budhu, S., Mandelbaum, J., Vonsattel, J.P.,
Zecca, L., Loike, J.D., and Sulzer, D. (2014). MHC-I expression
renders catecholaminergic neurons susceptible to T-cell-mediated
degeneration. Nat. Commun. 5, 3633.

Hayakata, T., Shiozaki, T., Tasaki, O., Ikegawa, H., Inoue, Y.,
Toshiyuki, F., Hosotubo, H., Kieko, F., Yamashita, T., Tanaka, H.,
Shimazu, T., and Sugimoto, H. (2004). Changes in CSF S100B and
cytokine concentrations in early-phase severe traumatic brain injury.
Shock 22, 102-107.

Woiciechowsky, C., Schoning, B., Cobanov, J., Lanksch, W.R., Volk,
H.D., and Docke, W.D. (2002). Early IL-6 plasma concentrations
correlate with severity of brain injury and pneumonia in brain-injured
patients. J. Trauma 52, 339-345.

Simon, D.W., McGeachy, M.J., Bayir, H., Clark, R.S., Loane, D.J.,
and Kochanek, P.M. (2017). The far-reaching scope of neuroin-
flammation after traumatic brain injury. Nat. Rev. Neurol. 13, 572.
Ziebell, .M., and Morganti-Kossmann, M.C. (2010). Involvement of
pro- and anti-inflammatory cytokines and chemokines in the patho-
physiology of traumatic brain injury. Neurotherapeutics 7, 22-30.
Cavaillon, J.M. (2001). Pro- versus anti-inflammatory cytokines: myth
or reality. Cell. Mol. Biol. (Noisy-le-grand) 47, 695-702.

Helmy, A., Antoniades, C.A., Guilfoyle, M.R., Carpenter, K.L., and
Hutchinson, P.J. (2012). Principal component analysis of the cytokine

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

351

and chemokine response to human traumatic brain injury. PLoS One
7, €396717.

Thelin, E.P., Tajsic, T., Zeiler, F.A., Menon, D.K., Hutchinson, P.J.,
Carpenter, K.L., Morganti-Kossmann, M.C., and Helmy, A. (2017).
Monitoring the neuroinflammatory response following acute brain
injury. Front. Neurol. 8, 351.

Gabhring, L.C., Carlson, N.G., Kulmar, R.A., and Rogers, S.W. (1996).
Neuronal expression of tumor necrosis factor alpha in the murine
brain. Neuroimmunomodulation 3, 289-303.

Carlson, N.G., Wieggel, W.A., Chen, J., Bacchi, A., Rogers, S.W., and
Gahring, L.C. (1999). Inflammatory cytokines IL-1 alpha, IL-1 beta,
IL-6, and TNF-alpha impart neuroprotection to an excitotoxin through
distinct pathways. J. Immunol. 163, 3963-3968.

Chatzipanteli, K., Vitarbo, E., Alonso, O.F., Bramlett, H.M., and Dietrich,
W.D. (2012). Temporal profile of cerebrospinal fluid, plasma, and brain
interleukin-6 after normothermic fluid-percussion brain injury: effect of
secondary hypoxia. Ther. Hypothermia Temp. Manag. 2, 167-175.

He, J., Evans, C.O., Hoffman, S.W., Oyesiku, N.M., and Stein, D.G.
(2004). Progesterone and allopregnanolone reduce inflammatory cy-
tokines after traumatic brain injury. Exp. Neurol. 189, 404-412.
Ahn, M.J., Sherwood, E.R., Prough, D.S., Lin, C.Y., and DeWitt, D.S.
(2004). The effects of traumatic brain injury on cerebral blood flow
and brain tissue nitric oxide levels and cytokine expression. J. Neu-
rotrauma 21, 1431-1442.

Hellewell, S., Semple, B.D., and Morganti-Kossmann, M.C. (2016).
Therapies negating neuroinflammation after brain trauma. Brain Res.
1640, 36-56.

Thornton, P., Pinteaux, E., Gibson, R.M., Allan, S.M., and Rothwell,
N.J. (2006). Interleukin-1-induced neurotoxicity is mediated by glia
and requires caspase activation and free radical release. J. Neurochem.
98, 258-266.

Ringheim, G.E., Burgher, K.L., and Heroux, J.A. (1995). Interleukin-6
mRNA expression by cortical neurons in culture: evidence for neu-
ronal sources of interleukin-6 production in the brain. J. Neu-
roimmunol. 63, 113-123.

Hall, C.E., Yao, Z., Choi, M., Tyzack, G.E., Serio, A., Luisier, R.,
Harley, J., Preza, E., Arber, C., Crisp, S.J., Watson, P.M., Kullmann,
D.M., Abramov, A.Y., Wray, S., Burley, R., Loh, S.H., Martins, L.M.,
Stevens, M.M., Luscombe, N.M., Sibley, C.R., Lakatos, A., Ule, J.,
Gandhi, S., and Patani, R. (2017). Progressive motor neuron pathology
and the role of astrocytes in a human stem cell model of VCP-related
ALS. Cell Rep. 19, 1739-1749.

Parnet, P., Amindari, S., Wu, C., Brunke-Reese, D., Goujon, E.,
Weyhenmeyer, J.A., Dantzer, R., and Kelley, K.W. (1994). Expression
of type I and type II interleukin-1 receptors in mouse brain. Brain Res.
Mol. Brain Res. 27, 63-70.

Deshpande, M., Zheng, J., Borgmann, K., Persidsky, R., Wu, L.,
Schellpeper, C., and Ghorpade, A. (2005). Role of activated astrocytes
in neuronal damage: potential links to HIV-1-associated dementia.
Neurotox. Res. 7, 183-192.

Acarin, L., Gonzalez, B., and Castellano, B. (2000). Neuronal, as-
troglial and microglial cytokine expression after an excitotoxic lesion
in the immature rat brain. Eur. J. Neurosci. 12, 3505-3520.

Lee, S.C., Liu, W., Dickson, D.W., Brosnan, C.F., and Berman, J.W.
(1993). Cytokine production by human fetal microglia and astrocytes.
Differential induction by lipopolysaccharide and IL-1 beta. J. Im-
munol. 150, 2659-2667.

Chao, C.C., Hu, S., Ehrlich, L., and Peterson, P.K. (1995). Interleukin-
1 and tumor necrosis factor-alpha synergistically mediate neurotox-
icity: involvement of nitric oxide and of N-methyl-D-aspartate re-
ceptors. Brain Behav. Immun. 9, 355-365.

Gruol, D.L., and Nelson, T.E. (1997). Physiological and pathological
roles of interleukin-6 in the central nervous system. Mol. Neurobiol.
15, 307-339.

Spooren, A., Kolmus, K., Laureys, G., Clinckers, R., De Keyser, J.,
Haegeman, G., and Gerlo, S. (2011). Interleukin-6, a mental cytokine.
Brain Res. Rev. 67, 157-183.

Chen, G., and Goeddel, D.V. (2002). TNF-R1 signaling: a beautiful
pathway. Science 296, 1634-1635.

Scheller, J., Chalaris, A., Schmidt-Arras, D., and Rose-John, S.
(2011). The pro- and anti-inflammatory properties of the cytokine
interleukin-6. Biochim. Biophys. Acta 1813, 878-888.

Parnet, P., Kelley, K.W., Bluthe, R.M., and Dantzer, R. (2002). Ex-
pression and regulation of interleukin-1 receptors in the brain. Role in
cytokines-induced sickness behavior. J. Neuroimmunol. 125, 5-14.



352

64.

65.

66.

67.

68.

69.

70.

71.

72.

Li, J., Peet, G.W., Balzarano, D., Li, X., Massa, P., Barton, R.W., and
Marcu, K.B. (2001). Novel NEMO/IkappaB kinase and NF-kappa B
target genes at the pre-B to immature B cell transition. J. Biol. Chem.
276, 18579-18590.

Gadient, R.A., and Otten, U.H. (1997). Interleukin-6 (IL-6)—a mol-
ecule with both beneficial and destructive potentials. Prog. Neurobiol.
52, 379-390.

Probert, L. (2015). TNF and its receptors in the CNS: the essential, the
desirable and the deleterious effects. Neuroscience 302, 2-22.

Perry, V.H., Nicoll, J.A., and Holmes, C. (2010). Microglia in neu-
rodegenerative disease. Nat. Rev. Neurol. 6, 193-201.

Schwartz, M., and Shechter, R. (2010). Systemic inflammatory cells
fight off neurodegenerative disease. Nat. Rev. Neurol. 6, 405-410.
Chung, 1.Y., and Benveniste, E.N. (1990). Tumor necrosis factor-
alpha production by astrocytes. Induction by lipopolysaccharide, IFN-
gamma, and IL-1 beta. J. Immunol. 144, 2999-3007.

Pruszak, J., Sonntag, K.C., Aung, M.H., Sanchez-Pernaute, R., and
Isacson, O. (2007). Markers and methods for cell sorting of human
embryonic stem cell-derived neural cell populations. Stem Cells 25,
2257-2268.

Perigolo-Vicente, R., Ritt, K., Pereira, M.R., Torres, P.M., Paes-de-
Carvalho, R., and Giestal-de-Araujo, E. (2013). IL-6 treatment in-
creases the survival of retinal ganglion cells in vitro: the role of
adenosine Al receptor. Biochem. Biophys. Res. Commun. 430, 512—
518.

Gougeon, P.Y., Lourenssen, S., Han, T.Y., Nair, D.G., Ropeleski,
M.J., and Blennerhassett, M.G. (2013). The pro-inflammatory cyto-

THELIN ET AL.

kines IL-1beta and TNFalpha are neurotrophic for enteric neurons. J.
Neurosci. 33, 3339-3351.

Address correspondence to:

Rickie Patani, MD, PhD

Department of Molecular Neuroscience
UCL Institute of Neurology

Queen Square

London, WCIN 3BG

United Kingdom

E-mail: rickie.patani@ucl.ac.uk
and

Adel Helmy, FRCS (SN), PhD

Division of Neurosurgery

Department of Clinical Neurosciences
University of Cambridge

Box 167, Cambridge Biomedical Campus
Cambridge CB2 0QQ

United Kingdom

E-mail: adelhelmy @cantab.net



