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Abstract

The neuroinflammatory response after traumatic brain injury (TBI) is implicated as a key
mediator of secondary injury in both the acute and chronic periods after primary injury.
Microglia are the key innate immune cell in the central nervous system, responding to injury
with the release of cytokines and chemokines. In this context, we aimed to characterise the
downstream cytokine response of human induced pluripotent stem cell (iPSC)-derived
microglia when stimulated with five separate cytokines identified following human TBI. iPSC-
derived microglia were exposed to IL-1f3, IL-4, IL-6, IL-10 and TNF in the concentration ranges
identified in clinical TBI studies. The downstream cytokine response was measured against
a panel of 37 separate cytokines over a 72-hour time-course. The secretome revealed
concentration-, time- and combined concentration and time-dependent downstream
responses. TNF appeared to be the strongest inducer of downstream cytokine changes (51),
followed by IL-1B (26) and IL-4 (19). IL-10 (11) and IL-6 (10) produced fewer responses. We
also compare these responses to our previous studies of iPSC-derived neuronal and
astrocyte cultures and the in-vivo human TBI cytokine response. Notably, we found
microglial culture to induce both a wider range of downstream cytokine responses and a
greater fold change in concentration for those downstream responses, as compared to
astrocyte and neuronal cultures. In summary, we present a dataset for human microglial
cytokine responses specific to the secretome found in the clinical context of TBI. This
reductionist approach complements our previous datasets for astrocyte and neuronal
responses and will provide a platform to enable future studies to unravel the complex

neuroinflammatory network activated after TBI.

Keywords: traumatic brain injury, neuroinflammation, inflammation, microglia, cytokine,

microdialysis
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Introduction

Traumatic brain injury (TBI) is a major public health concern, affecting around 30 million
people worldwide each year'?. The treatment options for TBI remain limited and, in the
absence of effective pharmacological neuro-protective strategies, current guidelines focus
on limiting secondary injury through targeted correction of physiological parameters. It is
known, however, that this secondary injury is mediated, at least in part, by an innate
inflammatory response, mediated through the release of cytokines and chemokines that act
in a dose- and time- dependent manner>*. The development of immunomodulatory
therapies for TBI will require a detailed understanding of this complex neuroinflammatory
response which is likely to have both beneficial and deleterious effects, at different time

points, to the injured brain.

Microglia are the major cellular component of the innate immune system in the brain and
are found in significant numbers throughout the brain, composing around 10% of all cells in
the brain®. In response to injury, they are known to respond rapidly to accumulating Damage
Associated Molecular Patterns (DAMPs) and chemokine signals in the local milieu of the
brain, with a transformation to an “activated” state characterised by a morphological
change from ramified to amoeboid cell structure®. These microglia respond to injury through
the secretion of cytokines which signal to neurons and glia in the injured brain in a paracrine
fashion. This response is complex, with microglia adopting multiple possible activation
states and the downstream cytokine response complicated further signalling networks with

glia and neurons’8.

In this context, we undertake a reductionist approach to discover the microglial component
of the early cytokine response to TBIl. Here we examine the response of human induced
pluripotent stem cell (iPSC)-derived microglia to five cytokines at physiologically relevant
concentrations that are found after TBI. The added cytokines are the most widely studied
pro- (IL-1B, IL-6, TNF) and anti-inflammatory (IL-4, IL-10) cytokines in the clinical TBI
literature and the downstream cytokine generation was measured against a panel of 37
chemokine and cytokine responses. We compare these responses to our previous studies of

iPSC-derived neuronal and astrocyte cultures and the in-vivo human TBI cytokine response.



Downloaded by University College London from www.liebertpub.com at 06/19/23. For personal use only.

Page 5 of 24

Journal of Neurotrauma

Modelling the inflammatory response of traumatic brain injury using human induced pluripotent stem cell derived microglia (DOI: 10.1089/neu.2022.0508)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Methods

Human induced Pluripotent Stem Cell-derived microglia

Human microglia were derived from human induced Pluripotent Stem Cells (iPSCs)°. In brief,
iPSCs were grown on Geltrex™ coated plates in E8F media with media changed every 48
hours and were maintained between 30% and 80% confluency at 37°C and 5% CO.. At 70%
to 80% confluency iPSCs were passaged using Versene solution (Gibco™ 15040066) and
gently triturated to form a suspension of uniform clumps. The clusters were then transferred
to Corning ultra-low attachment 6-well plates with microglia differentiation media, MDM
(supplemented with 10ng/mL IL-34 + 10ng/mL CSF1). Embryoid bodies (EBs) were
monitored for 2 weeks. At day 14, the EBs were transferred on poly-D-lysine coated plates.
For next 30 days (every 5th day), EBs were gently triturated, positively selected the single
cells of interest and seeded on Primaria plates. The attached single cells on Primaria plate
were maintained and checked for microglia like/microglial precursors like morphology.
Further maintenance was performed in microglia maintenance media, MGM (supplemented

with 100 ng mL* IL-34 + 5 ng mL™* CSF1).

Cytokine induction

Human recombinant IL-1[ (#11457756001), IL-4 (#14269), IL- 6 (#11395), IL-10 (#IL010), and
TNF (#T6674) were each sourced as lyophilized powder (Merck, Kenilworth, NJ), which was
reconstituted according to the manufacturer’s instructions. Each of the five cytokines were
diluted into three different concentrations and each culture well was further technically
duplicated (i.e., two supernatants isolated per time point). This resulted in 45 experimental
samples (2 technical repeats for each of 5 different inducing cytokine concentrations at 3
different time points), including the unstimulated samples collected at Oh considered to be
the controls. The three cytokine concentrations (low, medium, high) were chosen to cover
the range of concentrations seen in human microdialysis studies, adjusted for relative

recovery determined in vivo (summarised in Table 1).



Downloaded by University College London from www.liebertpub.com at 06/19/23. For personal use only.

Journal of Neurotrauma

Modelling the inflammatory response of traumatic brain injury using human induced pluripotent stem cell derived microglia (DOI: 10.1089/neu.2022.0508)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 6 of 24

Sample collection and storage

Supernatant (60 uL) was taken from each cell culture well at the given time points (0, 1, 24,
48, and 72h), including control lines (n = 2 technical repeats). The cells were collected at 1,
24, 48, and 72h following addition of the respective cytokine and from untreated cultures

(n =2 per time point). Samples were stored at -80°C until analysis.

Cytokine analysis

Each experimental condition/technical repeat was analysed in duplicate (i.e., two samples
per experimental cell culture well). The supernatants were analysed using the Procartaplex
37-PLEX, Human Cytokine/Chemokine 37 (Thermofisher, Waltham, MA) using the
manufacturer’s instructions as previously described, with overnight incubation. As
described, the time points O (for control wells), 1, 24, 48, and 72h were analysed. The plates
were analysed on a Luminex 200 platform (Luminex Corporation, Austin, TX). As per
manufacture’s recommendation, cytokine concentrations were calculated by reference to

an eight-point five-parameter logistical standard curve for each cytokine.

Immunocytochemistry

Cells were washed once with 1X PBS and then incubated with 4% paraformaldehyde for 15
minutes at room temperature. Paraformaldehyde was then removed, and cells were
washed twice with 1X PBS. Cells were blocked for 1 hour and permeabilized using a 3%
donkey serum prepared in 1X PBS with 0.03% Triton-X-100 (PBST). Primary antibodies: IBA1
(Wako, 019-19741), CD-40 (eBioscience, 14-0409-82), TNF-A (Novus, NBP119532), MAP2
(Abcam, AB32454) were then made up in the blocking solution and incubated overnight at
4 °C. The primary antibody solution was then removed, and cells were washed 3 times with
1X PBS. Secondary antibodies were diluted 1:1000 in PBST and applied for 1 hour at room
temperature. The secondary antibody solution was then removed, and cells were washed
twice with 1X PBS before counterstaining with DAPI and mounted using Fluoromount

Mounting Medium (Sigma). Imaging was done on a Leica DMI600 Inverted Microscope.
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Quantitative Real-Time PCR (gRT PCR)

RNA was isolated using a GeneElute mammalian total RNA miniprep kit (Sigma) according
to the manufacturer’s protocol. RNA was eluted in 20ul of nuclease-free water and the
concentration of RNA was measured using a nano-drop machine. 500ng of RNA was then
used to create cDNA using a high-capacity cDNA reverse transcription kit (Applied
Biosystems) based on the manufacturer's protocol. 100ng of cDNA was used for 20 ul of
gRT-PCR reaction performed on a StepOnePlus real-time PCR system (Applied Biosystems)
with gPCR SyGreen Blue Mix Hi-ROX (PCR). Threshold cycle (CT) numbers were normalized
to the expression of house-keeping gene, GAPDH. Fold change in gene expression is
calculated by the 2-22¢T method and relative mRNA abundance is calculated by 2-4¢T

method.

Phagocytosis

Cells were plated in a 96-well nunc plates and maintained in DMEM in advance of
performing assays. The assay was performed according to the manufacturer’s protocol
(Vybrant™ Phagocytosis Assay Kit, V6694). The cells were incubated in DMEM and LPS (20
ng mL?) for 1 hour at 37 °C and 5% CO,. The cells were then washed with DPBS and 100 pL
of fluorescein-labeled E. coli BioParticles® suspended in Hanks’ balanced salt solution was
added and incubated further for 2 hours at 37 °C and 5% CO,. The suspension was then
aspirated, and 100 pL per well of trypan blue suspension was added for 1 min. After
aspiration of trypan blue from the wells, the reading of the experimental and control wells
of the microplate were measured using a fluorescence plate reader with appropriate

sensitivity settings.

Clinical and in-vitro cytokine data

We extracted data from two previous studies from our group that measured cytokine
concentrations from TBI patients who were monitored over 5 days, with cytokine samples
pooled from 6-hour periods!®!!, All data was corrected to the time of injury to enable
comparison with in-vitro data. Data was also extracted from our previous reductionist

studies of downstream cytokine response to enriched neuronal and astrocyte cultures'?*3,
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Similar to this study, the astrocyte samples were exposed to IL-13, IL-4, IL-6, IL-10, and TNF,

while enriched neuronal cultures were exposed to IL-1f3, IL-6, and TNF only.

Statistical analysis

R was used to carry out the statistical analysis (Version 3.6.0, R Core Team, 2018). Two-way
repeated measures analysis of variance (ANOVA) was used to assess the effect of each
inducing cytokines on the secretion of cytokines by microglia, across different
concentrations of the inducing cytokines and across time. The dependant variables in these
analyses were the concentration of secreted cytokines, while the independent variables
were the concentration of the inducing cytokine and time, with an interaction between the
two independent variables. Pair-wise comparisons were made using Tukey's honestly

significant difference (HSD) test. p < 0.05 was regarded as statistically significant.
Results

Morphology, gene expression and functional activity of iPSC-derived microglia

Microglia were derived using the previously published protocol, differentiated from the iPSC
control line using multiple growth factors®. After 50 days of differentiation, the iPSC-derived
microglia were associated with their characteristic morphology and were positive for the
expression of microglial markers IBA1, CD40, and TNF-A (Figure 1A, 1B). These functional
activity of these microglia was confirmed by phagocytosis assay following stimulation with
LPS (Figure 1C). These microglia also showed expression of MMP2, MMP9, and IL-1B

suggesting their competence to respond to cytokine stimulation.

Temporal and concentration dependent effects of added cytokines to microglial cultures

Stimulation of the microglial cultures with the five cytokines at physiologically relevant
ranges led to the downstream production of cytokines, with both time- and concentration-
dependent changes in the levels of these downstream cytokines in culture (Table 2 and
Figure 2A). TNF appeared to be the strongest inducer of downstream cytokine changes (51
cytokine changes, p<0.05), followed by IL-1[3 (26 cytokines) and IL-4 (19 cytokines). IL-10 and

IL-6 produced fewer responses (11 and 10 cytokines respectively).
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Cytokine temporal patterns of microglia compared to in vivo and other cell types in vitro

We next compared the temporal profiles of cytokine release from microglia cultures in vitro
to our previous in vivo and in vitro cytokine studies. Here we compared the patterns of
time-resolved cytokine release in the brain extracellular fluid from TBI patients, as well as in
vitro data from enriched neuronal cultures (exposed to IL-1f, IL-6, and TNF) and astrocyte
cultures (exposed to IL-1f, IL-4, IL-6, IL-10, and TNF) (Figure 2B, 2C). A summary of the in

vitro data is shown in Table 3.

We found that the in vitro secretome response of all three cell types followed broadly similar
temporal trends with comparable mean concentrations of the downstream cytokines found
in the supernatant (Figure 2B, 2C). The in vivo results trend towards a much faster response
as well as higher overall concentrations of the downstream cytokines, even accounting for

the summative effects of all three cell types being present.
Discussion

We present here a systematic study of the downstream cytokine signalling from human
microglial cultures, stimulated with canonical pro- and anti-inflammatory cytokines. The
stimulating cytokines were used at clinically relevant concentrations, derived from
measurements in human TBI conditions. This is a key feature of our approach, compared
with other studies in the literature which have utilised concentrations orders of magnitude
higher. We characterised responses using a multiplex platform, examining the microglial
secretome for 37 separate downstream cytokines and chemokines in parallel. This provides
a powerful reference framework in a specifically human context, as compared to previous
work that has either been done in mice or using only individual assays of a few downstream
cytokines. This human context is particularly important for future translational work and the
development potential therapies targeting neuro-inflammatory secondary injury, as

translation from murine models in this context appears to have limited applicability.

The microglial secretome demonstrated in this study emphasises the role of microglia as the
resident innate immune cell in the brain, with a downstream cytokine response that is both
broader (in terms of number of separate cytokines released) and larger (in terms of fold-

change in concentration), compared to our previous similar studies of human astrocyte and
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neuronal cultures!?'3, Further, the putative pro- and anti- inflammatory distinction between

added cytokines was not clearly apparent in downstream responses, with both IL-4 and IL-
10 exhibiting dose-dependent stimulation of canonical pro-inflammatory cytokines such as
IL-6, Interferon (IFN)-a, and IFN-y. This mixed inflammatory profile from microglia has also
been evidenced also in mouse models of TBI, where concurrent pro- and anti-inflammatory
networks appear to be upregulated throughout acute and chronic (up to 60 days) periods
after cortical injury®'*. The pattern of any potential cytokine driving a further cytokine
response in these cultures suggests microglia may be driven by a positive feedback loop in
the injured microenvironment of the brain, in keeping with evidence of activated microglia

throughout acute and chronic periods after brain injury®>.

TNF appeared the most potent activator of downstream cytokine response in the microglial
cultures, consistent with its presumed role as a central mediator of neuroinflammatory
response, upregulated within hours of injury!®1’. Microglia are themselves suspected to be
a major mediator of this early TNF response but our results show a time-dependent
decrease in downstream TNF secretion after stimulation with TNF, suggesting an element of
negative feedback responsiveness for this particular cytokine. This feedback responsiveness
may also fit with the suggestion that TNF appears to function differently in acute versus
delayed phases after injury, acting initially as a potent immune mediator but later as a
neurotrophic factor required for repair'®. Taken together with our data showing a
significantly different panel of downstream cytokine induction in low vs high doses of TNF,
a dose-dependent effect of TNF may partially underlie this phenomenon in human tissue

and is worthy of further investigation.

The effects of these cytokines on the matrix metalloproteinases, MMP-2 and MMP-9,
provides further validation for this approach, as it is consistent with empirical data from the
clinical TBI literature. These enzymes are known to undertake tissue remodelling after injury
and, in the brain, MMP-9 is thought to be detrimental to recovery, being implicated in
expansion of contusional volume and breakdown of the blood-brain barrier'®?°, Increased
concentrations are found in human pericontusional brain and murine evidence that lesion
volumes are reduced with the use of MMP-9 inhibitors after trauma?¥22. In contrast, while

the evidence for MMP-2 is somewhat mixed, evidence from MMP-2 knockout transgenic
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mice suggests MMP-2 as essential for effective wound healing and functional recovery after

brain injury?3. Our data suggests microglia cytokine stimulation to be a potent activator of
MMP-2 and our previous results from astrocyte cultures appear to preferentially stimulate
a MMP-9 response. This fits with the putative role for microglia promoting a more reparative
inflammatory network than other glia. In this way one may hypothesise that the MMP-9
response identified in human pericontusional brain is driven by astrocyte responses and that

therapeutic strategies directed against this pathway should target astrocytes.

It is notable also that the microglial secretome appears to demonstrate a significant type 1
interferon response, with IFN-a released as a concentration-dependent function of IL-4, IL-
10 and TNF. This effect was not apparent in our data from astrocyte or neuronal cultures. A
significant type 1 interferon response is known to be mounted in the acute period after brain
injury and is emerging as a potential therapeutic target in TBI, as well as other central
nervous system diseases with a suspected chronic neuroinflammatory component?*-%7. Our
data supports mouse evidence that microglia are responsible for this interferon response
although we highlight recent human transcriptome evidence that oligodendrocytes also
mount a significant interferon response after TBI — a cell type that we have not examined in
our studies?®. These data would support targeting microglia in order to mitigate the type 1
interferon response, in human TBI, but will require further validation in human

interventional studies.

The major limitation of our study is the highly reductionist approach we have adopted, using
a single cell type with separately applied stimulating cytokines in isolation. This does not
capture the complex network of multiple interacting cell and chemokine parts that is at work
in-vivo, in particular direct cell-cell interactions. Nevertheless, through this series of studies
examining single cell types in turn, we have attempted to build a foundation, specifically in
the human context, to begin to unravel the network of inflammatory cytokine signalling that
is at work after TBI. These results will provide a platform to enable interpretation of more
complex studies and rationalisation of animal experiments. While we have focussed on the
soluble mediators released by the microglial cells, this does not in itself reflect the functional
characteristics of the microglia. In future studies, we will explore microglia functions such as

changes in microglial morphology and phagocytosis. We also recognise that the derivation
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of microglia from iPSCs, while providing a reliable and reproducible in-vitro platform, may

not faithfully capitulate the state of microglia found in-vivo, with evidence from human
transcriptomic studies that these cells exhibit subtly different expression profile to microglia
in both normal and injured cortex?®3°, The effects of these differences are unknown but it is
clear that the heterogeneity of aged and immune-primed microglia will not be captured by

this in-vitro system and may be reflected in how they respond.

Conclusion

Human iPSC-derived microglia generate a broad inflammatory cytokine response in
response to exogenous stimulating cytokines at the concentrations seen after human TBI.
The response is especially evident after exposure to TNF and there is a mix of both pro- and
anti-inflammatory cytokine signalling in response to all five stimulating cytokines that were
used. We present a dataset for microglia that complements our previous reductionist
datasets from examining astrocyte and neuronal cultures with the same approach. This
work, and our series of studies, provides a platform for further investigation to understand
the complex neuroinflammatory network initiated after traumatic brain injury in a human

context.
Transparency, Rigor and Reproducibility statement

This was a laboratory experimental study and the study plan was not formally pre-
registered. All experimental materials were analysed at the same time in a single batch. All
equipment and analytical reagents used to perform experimental manipulations and
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analysis was performed using methods outlined in the text. This report includes
documentation of internal replication. All available data from this study has been published
(Supplementary File 1). Samples collected as part of the study are available to be used for
future research and there are requirements for additional informed consent or regulatory
controls. The authors agree to provide the full content of the manuscript on request by

contacting Adel Helmy.
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Table 2. Summarizes time and/or concentration dependent alterations in the microglial
production of cytokines following stimulation using recombinant cytokines. The “(B=
increase) or (B= decrease)” indicates that the specific cytokine induction produced a
significant increased or decreased concentration of a specific cytokine in that model,
whereas ““ =" indicates no significant changes. The sum of all significant increases or

decrease is presented at the bottom.
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Table 3. Summary of the downstream cytokine secretion by cytokine-induced neurons,

astrocytes and microglia

A Cytokine induced

Cytokine induced

Cytokine induced

IP10

added
Neurons Astrocytes Microglia
Time
IL-13 - BAFF, TIMP1, MMP9, TIMP1, MIP1j3, MCP-2
VEGF-A
IL-10 - MMP9, M-CSF MMP2, TIMP1, IFNy, MCP1
IL-4 - MMP9, M-CSF TIMP1, MCP1
IL-6 IL-1ra, IL-5, IL-13, MMP9 MMP2, TIMP1, IFN-y,
MIP1c,, RANTES MCP1
TNF Fractalkine, IL-6, IL-10 | MMP9, M-CSF MMP2, IFNy, GROa
Concentration
IL-13 IP10 IL-1ra, RANTES, IP10, IL4, IL-1[3, IL6, Eotaxin,
Eotaxin, M-CSF, VEGF-D | Fractalkine, IFNy, IL-1a
IL-10 - IL-1c IL6, IL10, IFNa.
IL-4 - - MMP9, IL4, Eotaxin,
MDC/CCL22, IL-1ra, IFNy,
IFNo, GROa, 1L23
IL-6 IL-1c, IL-4, sCD40L sCD40L MMP9, IL-6, IL-8
TNF Eotaxin, GM-CSF, - MIP18, IFNa,, MCP1, VEGF-

D, MIP-3a,, BDNF, GROq,
IL1o,, MCP3, VEGF-A
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Time x Concentration

IL-1B

MCP-2, IL-8, MIP-1q., IL-
1o, GROa, Fractalkine,

MIP1B

MMP2, IL8, MCP1, GRO«,

IL-10

IL-8, VEGF-A

IL-4

IL-8, IL-1a,, VEGF-A

MMP2

IL-6

Fractalkine, GM-CSF,
IFNa., IFNy, IL-12p70,
MIP1p, sIL-2Ra, TNF

IL-8, MIP1q, IL-1a,
TIMP1, VEGF-A, M-CSF

TNF

GROgq, IL-1a, IL-8,
MCP3, MIP-1j3,
RANTES, sCD40L

IL-8, IL-10, VEGF-A,
MIP-1p

MMP9, IL4, IP10, IL6,
TIMP1, IL8, Eotaxin,
Fractalkine, RANTES,
VEGF-D, IL-1a, MCP3,
VEGF-A
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Figure 1 Generation of microglia from human induced pluripotent stem cells

(A) Timeline showing differentiation of microglia from human-derived iPSCs (hiPSCs). hiPSCs
were used to generate embryoid bodies using suspension culture, followed by dissociation
which led to generation of neuroepithelium on an adherent surface and were further

differentiated into mature microglia.

(B) Representative bright field images of microglia. (Top Panel) DIVOO illustrates dissociated
hiPSCs on a low attachment plate, DIV14 illustrates an embryoid body in a suspension

culture, DIV50 shows mature microglia. Representative fluorescent images of iPSC-derived
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23
mature microglia. (Bottom Panel) Microglia expressing IBA1 (red), CD40 (red) and TNF-A

(red), counterstained with DAPI (blue) (scale bar 50um).

(C) Representative bar graph for relative phagocytosis ability of hiPSC-derived microglia in
response to 20ng/ml LPS compared unstimulated iPSCs. Data shown as mean + SEM *
p<0.03, ** p<0.002, *** p<0.0002 and **** p<0.0001 using Unpaired t-test with Welch's

correction

(D) mRNA levels of some important microglial markers: MMP-9, MMP-2, IL-13, TIMP-1,
MCP-1 and Eotaxin in iPSC-derived microglia at Day 50. Data shown as mean + SEM * p<0.03,
** p<0.002, *** p<0.0002 and **** p<0.0001 using Unpaired t-test with Welch's correction.

(E) Bar plots illustrating a fold change in gene expression using 222¢T value comparing
unstimulated hiPSCs and microglial cultures. Data shown as mean + SEM * p<0.03, **

p<0.002, *** p<0.0002 and **** p<0.0001 using One-Way ANOVA.
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Figure 2. Microglial response to stimulating cytokines

(A) Heatmap showing the change in cytokine secretion by microglia upon cytokine
stimulation. Changes in cytokine production are displayed as the absolute value of the fold
change, represented on a logarithmic scale. The displayed fold changes correspond to the
greatest fold change observed across the four investigated time points. Results
corresponding to all the different time points and concentrations of inducing cytokines are

shown in Supplementary Figure 1.

(B) Mean concentrations of some cytokines released from microglia, astrocytes, and

neurons (in vitro) along with previously analyzed in the aftermath of human TBI

(C) Comparisons of time to peak of cytokines in in vivo human TBI, and in in vitro (neuronal,
astrocytes, and microglial) models of neuroinflammation. Time to peak describes the

highest concentrations that could be seen following either trauma or cytokine induction.



