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Abstract

Opportunities to interrogate the immune responses in the injured tissue of living patients suffering
from acute sterile injuries such as stroke and heart attack are limited. We leveraged a clinical trial
of minimally-invasive neurosurgery for patients with intracerebral hemorrhage (ICH), a severely
disabling subtype of stroke, to investigate the dynamics of inflammation at the site of brain injury
over time. Longitudinal transcriptional profiling of CD14+ monocytes/macrophages and
neutrophils from ICH patient hematomas revealed that the myeloid response to ICH within the
hematoma is distinct from that in the blood and occurs in stages conserved across the patient
cohort. Initially, hematoma myeloid cells expressed a robust anabolic pro-inflammatory profile
characterized by activation of hypoxia inducible factors (HIFs) and expression of genes encoding
immune factors and glycolysis. Subsequently, inflammatory gene expression decreased over time,
while anti-inflammatory circuits were maintained and phagocytic and anti-oxidative pathways
upregulated. During this transition to immune resolution, glycolysis gene expression and levels of
the potent pro-resolution lipid mediator prostaglandin E, remained elevated in the hematoma, and
surprisingly these elevations correlated with positive patient outcomes. £x vivo activation of
human macrophages by ICH-associated stimuli highlighted an important role for HIFs in
production of both inflammatory and anti-inflammatory factors, including PGE; which in turn
augmented VEGF production. Our findings define the time course of myeloid activation in the
human brain after ICH, revealing a conserved progression of immune responses from pro-
inflammatory to pro-resolution states in humans following brain injury and identifying
transcriptional programs associated with neurological recovery.

One Sentence Summary

RNA sequencing of cerebral hematoma myeloid cells reveals a two stage functional and metabolic
program associated with recovery.
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Introduction

The response to acute brain injuries—including intracerebral hemorrhage (ICH), ischemic
stroke, and traumatic brain injury—involves a complex and coordinated network of cell
types and secreted factors. The immune system plays a key role in mediating this response,
with peripheral CD14+ monocytes and neutrophils rapidly recruited to the site of injury by
chemotactic factors secreted by brain-resident microglia, astrocytes, and endothelial cells
(1). Monocyte-derived macrophages and neutrophils can exacerbate initial damage to the
brain as well as enhance neurological deficits (2). However, animal models of acute brain
injury have demonstrated that neutrophils and macrophages can also ameliorate pro-
inflammatory responses, initiate resolution of neuroinflammation, and promote neurological
recovery (3-6). Thus, modulation rather than inhibition of myeloid immune responses may
be a promising avenue for treatment of brain injuries. Due to the difficulty of accessing
inflamed brain tissue in living patients, the contribution of recruited myeloid cells to both
initial tissue damage and subsequent neurological recovery in patients is not well-defined,
hampering efforts to therapeutically target these processes.

Recent studies in murine models have revealed the complexity and diversity of myeloid
activation programs in central nervous system (CNS) inflammation (1, 7). The previous
stratification of macrophages into “M1” inflammatory and “M2” anti-inflammatory
phenotypes has been amended to a multi-dimensional model of macrophage polarization that
incorporates a diverse range of inflammatory, anti-inflammatory, and reparative states (8-
10). Important contributions of neutrophils to wound healing have become increasingly
apparent (11). Additionally, transcriptomics and /n vitro pharmacological inhibition of
glycolytic and respiratory metabolic pathways have revealed the central role that glucose
metabolism plays in shaping myeloid cell function (12-16). While these studies have
highlighted the importance of myeloid metabolic states on function, they have
predominantly been performed using the limited M1/M2 paradigm /7 vitro or in the context
of immune responses to infection or cancer. How myeloid cell metabolism influences
function during a complex sterile inflammatory response such as acute brain injury remains
poorly understood (16, 17).

Acute sterile injuries such as heart attack and stroke are leading causes of death worldwide,
but studying the role the immune system plays in the progression and outcomes of these
diseases in patients is extremely challenging because the diseased tissue is typically only
available post-mortem. To address this shortcoming, we launched ICHseq, a sub-study of the
Minimally Invasive Surgery Plus Alteplase for Intracerebral Hemorrhage Evacuation
(MISTIE 1) surgical trial (18). The surgical approach tested in the trial, in which an
indwelling catheter drained the cerebral hematoma over several days rather than the
traditional single surgical evacuation of the hemorrhage, allowed for the daily collection of
the hematoma effluent and matched peripheral blood samples. This provided an
unprecedented opportunity to define the evolution of the myeloid immune response to brain
hemorrhage over time in living patients.

Sci Immunol. Author manuscript; available in PMC 2021 August 19.
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Using longitudinal transcriptional profiling of CD14+ monocytes/macrophages and
neutrophils isolated from the hematoma and peripheral blood samples, we show that the
myeloid response within the hematoma is composed of two discrete stages. During the acute
stage of the response (<4 days post-ICH), myeloid cells increased expression of glycolytic
enzymes as well as a diverse array of pro- and anti-inflammatory factors. As the response
entered the sub-acute stage (4 to 7 days post-1CH), inflammatory cytokine transcripts
decreased in abundance in both cell types and CD14+ monocytes/macrophages acquire
reparative and anti-oxidative. Higher expression levels of glycolytic enzymes and
prostaglandin E synthase (PTGES) by CD14+ monocytes/macrophages during the sub-acute
stage correlated with good patient outcomes at one year post-hemorrhage. Ex vivo
experiments using human macrophages confirmed that glycolysis supports production of
PGE, by macrophages, which in turn augments secretion of VEGF. Overall, this work
defines the myeloid transcriptional response within hematomas inside the brain parenchyma
of living patients and suggests that glycolytic metabolism in macrophages may support
neurological recovery after ICH.

response to ICH occurs in two stages.

We performed longitudinal transcriptional profiling of CD14+ monocytes/macrophages and
neutrophils isolated from the hematoma effluent and peripheral blood of 21 patients enrolled
in ICH-seq, a sub-study of the Minimally Invasive Surgery Plus Alteplase for Intracerebral
Hemorrhage Evacuation (MISTIE I11) trial (18) (Fig. 1A). As part of MISTIE 1ll, a catheter
was placed into the hematoma of ICH patients (occurring between 23 and 90 hours post-ICH
onset in our cohort), followed by irrigation every 8 hours with recombinant tissue
plasminogen activator (rtPA) to break down the clot and facilitate hematoma drainage.
Hematoma effluent and matched peripheral blood were collected from ICH patients during
catheter placement surgery, followed by daily collections of effluent and peripheral blood for
up to an additional 4 days while the catheter was in place. Flow cytometry analysis of
hematoma effluent revealed putative CD14+ monocyte/macrophage and CD66a/c/e+
granulocyte populations similar in proportion and surface protein signature to CD14+
“classical” monocytes and CD66a/c/e+ neutrophils in peripheral blood (Fig. S1, Fig. S2).
We sorted these populations from each blood and hematoma sample by FACS (Fig. S2) and
generated cDNA libraries for RNA sequencing, resulting in 139 monocyte/macrophage (82
blood, 57 hematoma) and 125 neutrophil (76 blood, 49 hematoma) profiles from the 21
enrolled patients, spanning 23 to 171 hours post-hemorrhage (Table S1). Our cohort
included 13 males and 8 females (ages 29 to 77 years) with hematoma volumes of 26.37 to
85.65 mL (median = 63.0 mL) and Glasgow Coma Scale scores of 5 to 14 (median = 10) at
the time of enrollment in MISTIE I11. Additional characteristics of our patient cohort are
provided in Tables S1 and S2.

To confirm the cellular identity of the sorted hematoma leukocyte populations, we first
examined expression of specific lineage-specific transcripts. CD66a/c/e+ cells closely
resembled neutrophils from the blood, expressing CSF3R, CXCR1, and CXCRZ2 (Fig. S3A)
while lacking expression of HLA molecules, eosinophil-specific S/GLECS, and basophil-
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specific FCER1A or MS4A3. Key lineage markers in CD14+ cells in the hematoma closely
resembled that of circulating CD14+ monocytes. They expressed CSFIRand HLA
molecules at high levels, and single sample gene set enrichment analysis (SSGSEA) revealed
that their transcriptional profile more closely resembled CD14+ blood monocytes (19) than
brain-resident microglia (20-22) (P2RY12, TMEM119, GPR34) or border-associated
macrophages (23, 24) (CD36, MRC1, AIFI; Fig. S3B-E, Table S3). This led us to conclude
that these cells were likely predominantly monocyte-derived; we henceforth refer to them as
CD14+ monocytes/macrophages.

Principal component analysis on filtered and batch-corrected transcriptional data revealed
that while myeloid populations in the peripheral blood of ICH patients clustered near those
derived from healthy donor controls, cells isolated from hematoma separated from their
blood counterparts along the first principle component (Fig. 1B). Differential gene
expression results between healthy donor and ICH blood monocytes are provided in Table
S4. Surprisingly, transcriptional profiles from either tissue did not show clear separation by
patient (Fig. S4), indicating that patient-to-patient variability did not drive major variations
in the overall myeloid transcriptional response.

To identify dynamic changes in the transcriptional programs of CD14+ monocytes/
macrophages and neutrophils in hematoma over time after ICH, we first generated a cubic
spline regression model of gene expression (25), incorporating time after ICH onset for each
gene within each cell type. We then used k-means clustering to sort genes with significant
changes over time into modules with shared temporal patterns of expression (Fig S5). This
analysis revealed two distinct stages of gene expression in hematoma myeloid cells: an acute
stage spanning approximately the first 4 days post-1CH, during which myeloid
transcriptional profiles were rapidly changing, followed by a sub-acute stage spanning the
remaining time interval of the study (4 to 7 days post-ICH) during which they were more
stable (Fig. 1C).

We identified two prevailing patterns among dynamic genes in each cell type: one increasing
in the acute stage before stabilizing after four days post-1CH (748 genes colored red in
CD14+ monocytes/macrophages, 808 genes colored orange in neutrophils, adjusted p <
0.05) and the other decreasing in the acute stage before stabilizing (511 genes colored blue
in CD14+ monocytes/macrophages, 665 genes colored teal in neutrophils, adjusted p <
0.05). While the two response stages were contemporaneous in monocytes and neutrophils,
their transcriptional programs were distinct; just 205 differentially expressed genes (102
increasing expression over time, 103 decreasing expression) showed similar changes in
expression in both cell types (Fig. 1D). Gene expression in the peripheral blood was
comparatively stable, with just 7 genes in monocytes and 43 genes in neutrophils
demonstrating significant changes in expression over time (Table S5). This two-stage
dynamic myeloid response was highly conserved across our patient cohort (Fig S5D, H).

Myeloid cells activate a complex transcriptional state in the hematoma.

We next sought to define the myeloid transcriptional response during the acute stage of ICH
by comparing the transcriptional profiles of hematoma CD14+ monocytes/macrophages and
neutrophils to their peripheral counterparts in blood during the first four days post-ICH. To
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do so, we analyzed the first hematoma and blood samples collected from each patient, which
spanned between 23 and 99 hours post-ICH, using differential expression analysis by linear
modeling (Materials and Methods) (25, 26). Both cell types demonstrated extensive
transcriptional differences between the hematoma and blood: CD14+ monocytes/
macrophages significantly increased expression of 1,865 genes and decreased expression of
3,008 genes when compared to blood monocytes (p < 0.05), while hematoma neutrophils
increased expression of 1,504 genes and decreased expression of an additional 1,549 (Fig.
2A, Table S6). ssGSEA of Hallmark gene sets, a collection of genes curated to provide a
comprehensive summary of key cellular pathways and functions (27), revealed a diverse
array of immune signaling pathways activated in hematoma CD14+ monocytes/macrophages
and neutrophils, including TGF-B, TNF-a, IL-2/STATS5, IL-6/JAK/STAT3, and PI3K/AKT/
mTOR signaling (Fig. 2B). We also found enrichment in pathways related to cellular stress
responses, including hypoxia and the unfolded protein response suggesting activation of
hypoxia inducible factors (HIFs) and ATF4, known downstream effectors of increased
mTOR activation. While neutrophil activation was dominated by immune-specific pathways,
CD14+ monocytes/macrophages demonstrated a broader remodeling of cellular processes,
including hemorrhage-related pathways such as complement activation, angiogenesis, and
coagulation.

Recent studies have revealed complex transcriptional states for CD14+ monocytes/
macrophages /n vivo that do not correspond with “M1” or “M2” activation states previously
defined predominantly by /n vitro studies (8-10). Therefore, to perform a more nuanced
evaluation of macrophage activation after ICH, we compared the transcriptional signatures
of CD14+ monocytes/macrophages in blood and hematoma using gene set enrichment
analysis (GSEA) for 49 transcriptional modules identified in activated macrophages in
response to a wide array of /n vitro stimuli (13) (Table S7). The transcriptional profiles of
hematoma CD14+ monocytes/macrophages did not show enrichment for gene modules
typically induced by either M1 or M2 conditions, but were significantly enriched for three
others: modules 16 and 21 associated with fatty acid stimulation, and module 30 associated
with combined stimulation of TNF, PGEj, and TLR2. Hematoma CD14+ monocytes/
macrophages also upregulated pathways controlling cholesterol lipid homeostasis (Fig. 2B),
an essential feature of the microglia transcriptional program (20, 28). Augmented expression
of cholesterol processing pathways has also been reported in myeloid cells found in the CSF
of HIV patients (29) and macrophages found in the perivascular space, meninges, and
choroid plexus of mouse brains (23), suggesting that the enrichment of lipid-stimulated
transcriptional modules may represent adaptation to the cholesterol-rich CNS environment
that occurs regardless of the inflammatory setting. By contrast, increased activity of cytokine
signaling pathways in both CD14+ monocytes/macrophages and neutrophils likely occurs in
response to local inflammation caused by ICH. Thus, CD14+ monocytes/macrophages and
neutrophils acquire distinct transcriptional states during the acute stage of ICH in response
to immune and tissue-derived signals within the hemorrhaged brain. Differential expression
and longitudinal expression analyses can be further explored interactively using the ICH-seq
online tool (https://ichseg.sansinglab.research.yale.edu/).

Sci Immunol. Author manuscript; available in PMC 2021 August 19.
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Myeloid cell transcriptomics reveal metabolical and functional reprogramming during the
acute stage of ICH.

CD14+ monocytes/macrophages and neutrophils in the hematoma displayed transcriptional
signatures indicative of extensive transcriptional remodeling of glucose metabolism in
conjunction with activation (Fig. 2B, Fig. 3). Canonical pathway analysis of differentially
expressed genes between blood and hematoma cells during the acute stage revealed
glycolysis as the single most upregulated pathway in both cell types within the hematoma
(p<0.001) (Fig. 3A). Additionally, predictive “Genes and Metabolites” (GAM) metabolic
modeling (30) uncovered a central role for glycolysis in metabolic reprogramming in CD14+
monocytes/macrophages (Fig. S6). GAM modeling further revealed changes to pathways
controlling synthesis of eicosanoids, lipid mediators that direct macrophage responses
during tissue injury. Combined, these data suggest extensive transcriptional reprogramming
of myeloid cell metabolism in the hematoma milieu that may modulate their functions
during this period.

To better characterize glucose metabolism and myeloid function during the acute stage of
ICH, we first examined the expression of glucose transporters GLUT1 and GLUT3 (encoded
by SLC2A1and SLCZA3respectively) as well as enzymes involved in the three major
pathways of glucose utilization: glycolysis, the citric acid (TCA or Kreb’s) cycle, and the
pentose phosphate pathway (PPP). CD14+ monocytes/macrophages and neutrophils both
significantly upregulated glucose transporters and nearly every enzyme in the glycolysis
pathway (Fig. 3B). By contrast, both cell types decreased expression of TCA cycle genes
(Fig. 3C) and, surprisingly, the enzymes controlling the PPP (Fig. 3D), which have
previously been reported to mirror expression of glycolytic enzymes in myeloid activation
(31-33). These metabolic changes were conserved across patients (Fig S7).

Transcriptional reprogramming of glucose metabolism in the hematoma during the acute
stage of ICH was concurrent with increased expression of secreted protein and lipid immune
factors. Both CD14+ monocytes/macrophages and neutrophils increased expression of
inflammatory cytokine genes such as /L6, /L1A, and /L1B as well as anti-inflammatory and
neuroprotective factors such as /LZ0and L/F (Fig. 3E, Fig. S6); chemokine genes were also
upregulated, mostly by CD14+ monocytes/macrophages (Fig. 3F). A closer examination of
eicosanoid synthesis (Fig. 3G) revealed increased expression of genes encoding enzymes
responsible for generation of anti-inflammatory PGE, (MGLL, PTGS2, PTGES) concurrent
with downregulation of genes encoding enzymes responsible for production of inflammatory
thromboxanes and leukotrienes (7BXAS1, LTA4H, ALOX5, ALOX15B). Upstream
regulator analysis of differentially expressed genes predicted activation of a suite of factors
known to modulate glucose metabolism, including N-Myc and, in particular, HIFs: HIF1-a,
HIF2-a., and their shared co-factor ARNT (HIF-1B). NUPRL, a transcription factor that
regulates metabolic adaptation to ER stress and is closely tied to HIF activation (34, 35), was
also predicted to be activated (Fig. 3H). HIF signaling controls a metabolic switch to
anabolic metabolism in neutrophils and macrophages in a broad range of inflammatory
settings by augmenting glycolytic generation of molecular building blocks that support lipid
synthesis and inflammatory cytokine secretion (14, 36-38).

Sci Immunol. Author manuscript; available in PMC 2021 August 19.
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Expression of glycolytic and inflammatory genes diminish over time in hematoma myeloid

cells.

We next investigated how the transcriptional profiles of myeloid cells in the hematoma
changed over time. Gene ontology analysis of genes decreasing in expression over time as
identified by spline regression (Figure 1C) suggested that the HIF signature observed
initially after ICH may diminish over time (Figure 4A, Fig S8A). To evaluate HIF’s
transcriptional control of glycolytic metabolism in myeloid cells, we examined temporal
shifts in expression of enzymes controlling each of the rate-limiting steps of glycolysis (Fig.
4B, Table S5). Glycolytic flux in mammalian cells is regulated by: 1) glucose import via
GLUT3 and, to a lesser degree, GLUT1, 2) glucose phosphorylation by hexokinase Il (HK2)
(39, 40), 3) generation of fructose-1,6-biphosphate (F1,6-BP) by phosphofructokinase-1
(PFK-1), and 4) lactate export (39). PFK-1 activity is primarily controlled by PFK-2
(PFKFB3), which generates positive allosteric regulators of PFK-1 and thereby enhances
glycolytic flux. Hematoma CD14+ monocytes/macrophages decreased expression of genes
controlling each of these steps over time: expression of SLCZA3and HKZ2 decreased four-
fold and of PFKFB3by half during the acute stage of the response. SLC2A1 showed a
modest trend of decreased expression. Neutrophils also downregulated over time genes
involved in glycolysis, with a four-fold reduction in SLC2A3 expression and a 16-fold
decrease in HK2expression (Fig. S8B). No change to expression of SLC2A1 or PFKFB3
was observed in neutrophils. All of these genes are targets of HIFs, and their coordinated
downregulation during the acute stage suggested that HIF signaling in hematoma myeloid
cells decreased over time from an initial peak early after ICH onset. Levels of lactate in the
hematoma effluent decreased over the acute response to ICH (Fig. 4C), supporting the
hypothesis that HIF-mediated augmentation of glycolytic metabolism in myeloid cells
diminished over time after ICH.

Anabolic metabolism supported by aerobic glycolysis has been associated with
inflammatory myeloid function, and treatment with glycolytic inhibitors suppresses
inflammatory macrophage activation (16, 41, 42). Decreasing glycolytic flux over time after
ICH could therefore represent a shift by myeloid cells away from inflammatory function and
toward reparative programs. Over time, hematoma CD14+ monocytes/macrophages and
neutrophils rapidly decreased expression of genes encoding inflammatory cytokines that had
been highly expressed at the acute stage after ICH (Fig. 3), such as /L6, IL1A, and CSF3
(Fig. 4D, S8C). Thus, after an initial burst of glycolysis and inflammatory cytokines gene
expression by myeloid cells within the hematoma, their expression decreased over the first
four days after hemorrhage.

Acquisition of a transcriptional program associated with repair is linked to metabolic
reprogramming.

Decreased expression of glycolytic enzymes and inflammatory cytokines did not appear to
represent a loss of activity by myeloid cells in the hematoma, but rather a shift in their
functional programming. Gene ontology analysis of genes increased in expression over time
after ICH (Fig. 1C) in hematoma CD14+ monocytes/macrophages and neutrophils revealed
enrichment for phagocytosis, lysosome, and antigen presentation pathways (Fig. 5A, Fig.
S9A), supporting a previously demonstrated role of these cells in clearance of erythrocytes
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from the brain and neurological recovery in an animal model of ICH (6). CD14+ monocytes/
macrophages, but not neutrophils, upregulated a suite of genes encoding phosphatidylserine
receptors that mediate phagocytosis of apoptotic cells, including MERTK, HAVCRZ
(TIM-3), and /TGAV/ (aV integrin) (Fig. 5B, Fig. S9B). Both CD14+ monocytes/
macrophages and neutrophils also increased expression over time of heme oxygenase
(HMOX1, Fig. 5C, S9B), which catalyzes the degradation of heme and has anti-oxidative
and anti-inflammatory functions (43).

While expression of glycolytic enzymes decreased in the hematoma during the transition
from the acute to sub-acute stages of ICH, these genes were still significantly elevated
compared to peripheral blood cells (Fig. 4B,C, Fig. S8B). Expression of SLC7A5, a cell
surface transporter responsible for importing neutral amino acids to support leukocyte
activation (44, 45), increased over time in both CD14+ monocytes/macrophages and
neutrophils (Fig. 5C, Fig. S9C). Expression of MYC, which encodes c-Myc, a key
transcription factor controlling anabolic metabolism (46), also increased over time in CD14+
monocytes/macrophages. These data suggest that although HIF-1 signaling and glycolytic
gene expression decrease over time in myeloid cells within the hematoma, overall
glycolysis, as well as the anabolic generation of proteins and lipids it supports, likely
remains elevated in these cells throughout the observed time course.

Decreasing expression of inflammatory cytokines over time did not represent a universal
downregulation of immune factors. Over the same period, expression of the monocyte
chemoattractants CCLZ2and CCL 7increased (Fig. 5D), potentially promoting continued
monocyte recruitment to the injured CNS. Additionally, myeloid cells maintained expression
of PTGESand /L 10throughout the first week after ICH (Fig. 5SE-F Fig. S9D-E).
Macrophage-derived PGE, can suppress inflammatory microglial activation after spinal cord
injury (47), increase neuronal resilience and augment neurogenesis after ICH (48), and guide
astrocyte activation to support neurogenesis (49, 50). In summary, myeloid cells
reprogrammed key functional pathways over time after ICH in conjunction with metabolic
shifts, converting from primarily inflammatory activation states to states associated with
repair and recovery.

The patients in our cohort received rtPA instilled into the hematoma after the first surgical
aspiration, which raises the possibility that the longitudinal changes to myeloid cells we
observed could be caused by rtPA exposure. rtPA-induced fibrinolysis could influence
myeloid activation directly, via release of danger-associated molecular patterns (DAMP)
from the clot, or due to hematoma drainage reducing oxidative or physical stressor signals.
However, gene expression of cells isolated from hematoma effluent collected at the time of
initial surgery, prior to rtPA administration, followed the same temporal trends as samples
collected after rtPA exposure (Fig. S10), and ex vivo exposure of hematoma effluent to rtPA
did not significantly affect expression of genes in the pathways highlighted in Figures 3, 4,
or 5 (Table S8). Therefore, the observed changes in key myeloid gene expression over time
within the hematoma were not likely caused by exposure to rtPA.

Sci Immunol. Author manuscript; available in PMC 2021 August 19.
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Increased glycolytic gene expression in CD14+ monocytes/macrophages is associated
with good patient outcomes.

To examine the contribution of myeloid cells to neurological recovery in our patients, we
performed differential gene expression analysis comparing myeloid gene expression at the
sub-acute stage (>96 hours post-ICH), during which gene expression remained stable, in
patients with good and poor outcomes as defined in the MISTIE Il trial (18). Good outcome
was defined as a modified Rankin score (mRS) of 0-3 (no disability to moderate disability)
at one year post-1CH, while a poor outcome was defined as mRS score 4—-6 (moderately
severe disability to death). To account for clinical factors known to affect patient outcome
after ICH, we incorporated the disease composite “severity index” from the MISTIE Il
parent trial (18) into the linear model used to determine differential gene expression. 17
patients contributed peripheral blood samples in this time range, while 15 contributed
hematoma effluent samples.

This analysis revealed 561 significantly differentially expressed genes in hematoma CD14+
monocytes/macrophages during the sub-acute stage between patients with good and poor
outcomes (Table S9). Hierarchical clustering of patients and genes revealed consistent
patterns of gene expression within the good and poor outcome groups (Fig 6A), with the
notable exception of a single patient with poor outcome resembling those with good
outcomes. No unique clinical characteristics or events were observed for this patient, but the
consistency of the gene expression patterns in the other patients suggests that their poor
recovery may have been independent of the myeloid immune response. No differentially
expressed genes were detected in neutrophils in the hematoma or blood, and just one
differentially expressed gene (TMEMS51, a trans-membrane protein of unknown function)
was found in blood monocytes (Fig. S11). The strong association of outcome with a
consistent transcriptional profile exclusively in hematoma CD14+ monocytes/macrophages
suggests a potentially critical role for these cells in guiding neurological recovery after ICH.

Gene ontology (GO) analysis revealed strong enrichment for HIF-1a signaling and
glycolysis pathways in hematoma CD14+ monocytes/macrophages from patients with good
outcomes, while CD14+ monocytes/macrophages from patients with poor outcomes showed
enrichment for oxidative glucose metabolism pathways (Fig. 6B, Table S10). Further
analysis revealed that many of the genes in the metabolic and functional pathways initially
identified in Figures 3, 4, and 5 were significantly correlated with outcome (Fig. 6C).
Surprisingly, we did not detect significant differences in expression of most cytokines and
chemokines between patients with good or poor outcomes, except for /L24, CCL5, and
CXCL5, which were all more highly expressed in patients with good outcomes. Intriguingly,
PTGES expression was increased more than 5-fold in patients with good outcome (BH
adjusted p = 0.0013; Fig. 6D), indicating that myeloid-derived PGE, may contribute to
neurological recovery in patients.

Hematoma CD14+ monocytes/macrophages from patients with good outcomes displayed
higher expression of five key glycolytic enzymes during the sub-acute stage of the response:
HKZ, ALDOA, GAPDH, PGAM1, and ENOZ (Fig. 6C,E, Table S9). PFKM expression was
lower in patients with good outcomes, but its expression was also decreased in hematoma
during the acute stage (Fig. 3) when glycolytic flux was at its highest, consistent with PFK
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activity being generally controlled by PFK-2 in macrophages (39). Additionally, we saw
decreased expression of seven enzymes in the TCA cycle in patients with good outcomes:
PDHA1, PDHB, IDH1, IDH2, SUCLGI, FH, and MDHI. Thus, CD14+ monocytes/
macrophages derived from patients with good outcomes appear to favor glycolysis over
cellular respiration during the sub-acute stage of ICH, suggesting that glycolytic metabolism
may have a previously unappreciated role in supporting reparative macrophage function.
Patients with good outcome also displayed a trend towards higher levels of tissue lactate
within the hematoma, after adjusting for initial disease severity (Fig. 6F). Although there are
many potential cellular sources of lactate in the hematoma, this analysis further supported
the transcriptional data that higher rates of glycolysis occur at the site of hemorrhage during
the sub-acute stage of ICH in patients with good recovery.

HIF signaling and increased glycolysis are required for macrophage PGE, production.

Given the strong correlation of PTGES expression with good outcomes after ICH, we
hypothesized that HIF-mediated glycolytic metabolism in macrophages contributed to
functional recovery by supporting PGE, synthesis. To test this hypothesis, we stimulated
monocyte-derived macrophages from healthy donors /n vitro with a cocktail of ICH-
associated danger signals (ICH-DAMP: IL-1p, S100A8, and thrombin, see Materials and
Methods), finding that this stimulation induced secretion of many of the immune factors
expressed by hematoma CD14+ monocytes/macrophages /in vivo (Fig. 7, Fig. S12). ICH-
DAMP stimulation drove increased expression of /K2 by macrophages, as did the iron
chelator deferoxamine (DFO), a positive control for HIF activation (Fig. 7A). This effect
was HIF-dependent, as pre-treatment with the HIF inhibitor echinomycin blocked ICH-
DAMP-mediated expression of HK2and increases in glycolytic flux (Fig. 7B).

ICH-DAMP stimulation also induced PTGES expression, and HIF signaling was necessary,
but not sufficient, for this process (Fig. 7C). Indeed, inhibition of glycolysis, either directly
with the glycolytic inhibitor 2-deoxyglucose (2-DG) or via HIF inhibition, not only
suppressed macrophage secretion of the inflammatory cytokine IL-6 in response to
stimulation with ICH-DAMP or IFN-y + LPS, but also repressed production of the myeloid
chemokines CCL2 and IL-8, and the anti-inflammatory effectors PGE, and I1L-10 (Fig. 7D,
Fig. S12). Thus, HIF-mediated aerobic glycolysis is not a specific feature of inflammatory
macrophages, but rather may generally support anabolic metabolism and secretion of both
pro- and anti-inflammatory factors by activated macrophages.

Monocyte-derived macrophages have previously been shown to resolve acute myeloid
inflammation by inhibiting neutrophil recruitment and production of TNF and reactive
oxygen species (ROS) via PGE, signaling (51, 52). PGE; can also act in an autocrine
manner on macrophages to limit inflammatory factor production (53, 54). To examine
whether PGE5 could contribute to modulation of myeloid inflammatory responses and
acquisition of reparative features, we stimulated human macrophages with ICH-DAMP in
the presence or absence of exogenous PGE,. Addition of exogenous PGE, diminished IL-6
production while augmenting production of VEGF (Fig 7E), which has been shown in
mouse models to support angiongenesis and neurogenesis after acute brain injuries (55, 56).
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These findings provide a potential mechanism by which glycolysis supports reparative
macrophage responses via the production of pro-resolution mediators such as PGE;.

Discussion

Here, we identify distinct stages of the early myeloid response to ICH within the hematoma
that were highly conserved across our patient cohort. Our findings reveal coordinated
functional and metabolic reprogramming in CD14+ monocytes/macrophages within the
hematoma as they shift from inflammatory to reparative and anti-oxidative transcriptional
states. Additionally, we report extensive metabolic reprogramming of neutrophils during
acute neuroinflammation in patients. Interestingly, the profiles of monocytes and neutrophils
in the peripheral blood were remarkably static during the time period of our study,
suggesting that transcriptional analyses of these populations as a whole may not accurately
reflect the dynamics of the immune response to brain injury.

Surprisingly, we find that expression of HIF target genes controlling glycolytic metabolism
in macrophages is positively correlated with good neurological recovery after ICH. This
stands in contrast with the prevailing view that glycolytic metabolism predominantly
supports pro-inflammatory functions in macrophages (16, 36, 38, 57, 58). Notably, these
studies have employed /n vitro M1/M2 stimulation or highly polarized infection models in
mice to assess the metabolic requirements for macrophage function. The metabolic
requirements for inflammatory and reparative macrophage responses during sterile
inflammation have remained largely unexplored, particularly in human patients (16). Our
findings suggest that glycolytic metabolism in macrophages supports PGE, synthesis and
therefore may contribute to recovery in patients after acute brain injury by inhibiting
inflammatory cytokine production and augmenting production of VEGF. Macrophage-
derived PGE; has previously been shown to enhance immune-mediated neurological
recovery in animal models by dampening microglia and astrocyte activation. (50, 59-61).
PGE; also enhances neuronal resilience to ferroptotic and inflammatory stress (48) and
supports neurogenesis of many neuronal subtypes via direct signaling on neurons as well as
indirectly by stimulating glutamate release from nearby astrocytes (49, 62—-64). Further
investigation is required to more clearly define the mechanistic underpinnings in
macrophages connecting enhanced glycolysis, augmented PGE, synthesis, and improved
neurological recovery after ICH.

The robust signatures associated with good and poor outcomes suggest that we were
powered to detect critical transcriptional signals in CD14+ monocytes/macrophages after
ICH. However, the lack of correlation between expression of other genes by hematoma
CD14+ monocytes/macrophages may be a reflection of the number of patients in this study
rather than evidence against their importance for neurological recovery. Furthermore, the
switch from inflammatory to reparative activation states we observe over time in the
hematoma may either reflect a functional switch by CD14+ monocytes/macrophages in this
tissue throughout the measured timespan or the arrival of new cells from the periphery which
acquire distinct functions according to the evolving hematoma milieu. Although our
extensive profiling of the CD14+ population in the hematoma led us to conclude that these
cells are predominantly derived from circulating CD14+ monocytes, the inclusion of a small
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number of brain-resident microglia and border-associated macrophages into the sorted
populations cannot be ruled out. In a case study of a single patient using the same surgical
approach, single cell profiling did not uncover populations resembling brain-resident
myeloid cells (65). Larger scale studies utilizing single-cell approaches as well as lineage
tracing experiments could address this issue and may reveal whether myeloid populations in
the hematoma are comprised of heterogeneous subsets of cells recruited during different
stages of the response.

Overall, our study provides an analysis of the Kinetics of activation of myeloid cells in the
living human brain after acute injury, linking macrophage activation states and neurological
patient outcomes. The strong glycolytic signature associated with recovery and the
importance of glycolysis in supporting PGE, production by macrophages reported here
highlight the importance of future studies on the metabolic underpinnings for reparative
macrophage functions /n vivo.

Materials and Methods

Study Design

The purpose of this study was to define distinct stages of myeloid responses in the peripheral
blood and within the hematoma over time after ICH. Patient enroliment at approved study
sites was performed according to the parent MISTIE 111 trial clinical trial (18). Hematoma
effluent and peripheral blood samples were collected under the ICHseq sub-study trial until
its conclusion. Samples from the first four enrolled patients were used to optimize cell
isolation and sequencing techniques. All subsequent samples were included in the final
dataset, yielding 82 blood monocyte samples, 57 hematoma macrophage samples, 76 blood
neutrophil samples, and 49 hematoma neutrophil samples. 21 patients contributed CD14+
monocyte/macrophage samples that passed quality control filtering criteria (see Initial Data
Processing); 17 patients contributed neutrophil samples. Peripheral blood myeloid cells from
5 age-matched healthy donors without ICH were analyzed in the same manner.

Whenever sufficient cell numbers allowed, technical replicates were produced by sorting
additional pools of the same cells and generating cDNA libraries in parallel with all other
samples. This resulted in technical replicates being included in the analysis for 19 blood
monocyte profiles, 35 hematoma macrophage profiles, 10 blood neutrophil profiles, and 37
hematoma neutrophil profiles. Initial transcriptional analysis was performed blinded to
tissue of origin, patient, and outcome. Outcome assessments were performed by blinded
investigators as part of the parent MISTIE Il trial, and then provided to the investigators of
the ICHseq sub-study.

To interrogate the mechanistic underpinnings linking HIF activation, glycolysis, and
macrophage function, human macrophages derived from healthy donor blood CD14+
monocytes were stimulated with ICH-DAMP in the presence or absence of the HIF inhibitor
DFO, the glycolysis inhibitor 2-DG, or PGE,. For these studies, experimental conditions
were assessed in triplicate or greater for each individual donor, and 3-5 donors were used as
biological replicates for each experiment.
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Leukocyte Isolation

Leukocytes were isolated from blood and hematoma effluent using a protocol we developed
previously of: 1) benzonase treatment to remove cell-free DNA and prevent clumping, 2)
filtration to remove platelets and most erythrocytes, and 3) hypotonic lysis to eliminate
remaining erythrocytes. This approach, unlike standard PBMC preparations, preserved
neutrophils for downstream analysis. Samples were spun at 500¢g for 10 minutes.
Supernatant (plasma or plasma equivalent) was removed and frozen at —80°C. This
supernatant was later used to measure lactate and PGE; levels in the peripheral blood and
hematoma effluent. The remaining cell layer was resuspended in Hank’s balanced salt
solution (HBSS) (Gibco #14170-112) and treated with 2.5 U/mL benzonase (Sigma
#E1014) for 10 minutes at room temperature. Samples were subsequently filtered (70
micron), washed with 25 mL of HBSS, and centrifuged at 300g for 8 minutes. After
supernatants were removed, platelets and most erythrocytes were removed from these
samples using a LeukoLock filter (included in Life Technologies #AM1933) as previously
described (66). Briefly, samples were resuspended in HBSS and passed through pre-washed
LeukoLock filters by gravity (aided by flushing with a transfer pipette if flow via gravity
was impeded). The filter was then rinsed with 3 mL of HBSS, then backflushed with 20 mL
HBSS to recapture the leukocytes bound from the filter. After centrifugation, supernatants
were removed and samples were treated with erythrocyte lysis buffer (BD #555899) for 15
minutes at room temperature, washed with 25 mL of HBSS, centrifuged at 300g for 8
minutes, and resuspended in X-VIVO 15 (Lonza #04-418Q) for cell counting.

Cell cover fixation, magnetic separation, and FACS-sorting of samples

Up to 5 x 10° leukocytes isolated from each sample were used for downstream sorting. Cells
were first fixed in 1 mL of Cell Cover, a light preservative that maintains RNA integrity
(Anacyte #800-250), on ice for 10 minutes, then centrifuged. CD3* cells were removed
from total cell suspensions by magnetic selection (StemCell #17851) according to
manufacturer’s instructions. CD3- fractions were incubated on ice for 12 minutes in PBS
supplemented with 0.5% FBS (Gibco #16140-071) using the following antibodies: CD45
(H130, Tonbo Biosciences #50-0459-T100), CD11b (ICRF44, Tonbo #35-0118-T100),
CD14 (M5E2, Biolegend #301820), CD16 (3G8, BD #560474), CD66a/c/e (ASL-32,
Biolegend #342310), CD2, (RPA-2.10, Biolegend #300204), CD20 (2H7, Biolegend
#302349), CD56 (HCD56, Biolegend #318320), and viability dye (Life Technologies,
#1.34972). After washing out the antibody stain with HBSS, samples were stained for 20
minutes on ice with viability dye diluted in HBSS (Life Technologies #L.34972). Cells were
resuspended in PBS plus 0.5% FBS and myeloid populations were sorted using a FACSaria
Il (Fig. S2) directly into RNA lysis buffer composed of 200 pL RA1 buffer (Macherey-
Nagel #RAL1) freshly spiked with 2% TCEP (Thermofisher #77720).

RNA isolation & cDNA library generation

RNA-sequencing libraries were generated as previously described (66, 67). Briefly, RNA
was extracted using the NucleoSpin RNA XS Kit (Macherey-Nagel #740902) according to
the manufacturer’s instructions. Smart-Seq2 cDNA synthesis was performed as described by
Picelli et al (67) with the following modifications: 1) input RNA was normalized prior to

Sci Immunol. Author manuscript; available in PMC 2021 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Askenase et al.

Page 15

cDNA generation by diluting to ~1,000 cells per reaction, 2) reverse transcription was
performed with Superscript 111 (ThermoFisher #18080-085) in place of Superscript 11
according to the manufacturer instructions. Paired-end sequencing libraries were prepared
using the Nextera XT DNA sample Prep Kit (Illumina #FC-131) according to the
manufacturer’s instructions.

Sequencing & alignment

Libraries were pooled in an equimolar ratio and sequenced on a NextSeq500 sequencer
(IMumina) using a 75 cycle v2 sequencing Kit with a paired end read structure. Following
sequencing, BAM files were converted to merged, demultiplexed FASTQs. Paired-end reads
were mapped to the UCSC hg19 genome using STAR and RSEM.

Initial data processing

Aligned expression matrices generated by STAR were first filtered based on read depth and
captured gene depth to remove low quality samples. A minimum of 4 x 10% FASTQ
fragments and a minimum of 9,000 (for CD14+ monocytes/macrophages) or 8,500 (for
neutrophils) captured genes were used as inclusion criteria. Samples lacking patient
metadata or occurring later than 171h post-ICH were excluded, removing two additional
samples for each cell type. Genes with fewer than 1 count per million (CPM) in greater than
80% of the samples of a given cell type were considered unexpressed and filtered out prior
to downstream analysis. Filtered counts matrices with technical replicates included were
used as input for differential expression (see below). For data visualization (PCAs, gene
expression scatter plots, and gene expression plots), filtered counts from technical replicates
were collapsed together using the “edgeR” pipeline. Trimmed mean of M (TMM) values
library size normalization (68) was used to account for differences in sequenced reads
between samples. Normalized library sizes were used for frequency estimation in generation
of log-FPKM matrices.

Principal component analysis (PCA)

Prior to PCA, batch correction was performed using the “removeBatchEffect” command in
the “limma” gene expression analysis package for R (25). Batch effects were predominantly
related to levels of ribosomal gene expression; genes of interest did not demonstrate
noticeable batch effects (Table S11). PCA was performed without scaling unit variance and
plotted using the “ggbiplot” package for R; results were similar if scaling was performed
prior to plotting.

Myeloid Activation sSGSEA

sSGSEA was performed with the same parameters as above. Statistical significance was
determined by two-tailed student’s £test corrected for multiple comparisons by the
Benjamini-Hochberg method because enrichment scores were normally distributed across all
samples.
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Differential gene expression analysis

Differential gene expression analysis was performed using generalized linear modeling with
the limma package for R using the “limma-voom” methodology (25, 26, 69). For all
analyses, peripheral blood cells and hematoma cells were analyzed together using a single
model, with the origin tissue of the cells included as a parameter in the design matrix. For
certain analyses, additional parameters and/or interaction terms were included in the linear
model, as noted in the text and/or figure legends. Batch correction was not performed prior
to differential expression; rather, empirically determined sample weights were used to down-
weight lower quality samples using the “voomWithQualityWeights” command in the limma
package. This decreased the weight of samples with higher proportions of ribosomal RNA.
This approach was employed because patient samples were not randomly distributed across
all batches; all samples from a particular patient were sequenced within a single batch in
order to study within-patient changes over time. Batch correction would therefore have
improperly reduced patient-to-patient variation prior to differential gene expression.
Differentially expressed genes in all analyses were determined using the empirical Bayes
method with a significance threshold set at a Benjamini-Hochberg (BH) adjusted p value of
0.05; no fold-change threshold was used. The conclusions of these analyses were robust
against altering parameters for determining significance (for example introducing a fold-
change threshold or lowering the p value threshold).

Spline regression and k-means clustering of gene expression changes over time

To determine genes changing significantly over time in hematoma and blood, a cubic spline
basis with 2 degrees of freedom (1 knot) was formed to fit each gene’s expression level
against time using the “splines” package in R. This spline basis was input as an interacting
term with the tissue compartment in the design matrix of the linear model, so that a separate
spline was fit to samples from the blood and hematoma compartments for each gene
evaluated (Fig. S5). Genes with significant fits to the hematoma regression spline (BH
adjusted p < 0.05) were first filtered to remove genes with no expression in hematoma
samples, then spline fits were clustered by k means to find modules of genes with shared
patterns of change over time (Fig. S5A, E). Gene fits using splines with 2 or more knots
were also assessed, but this approach did not provide superior results. The number of
clusters was determined by the “elbow” of a total within clusters sum of squares plot.
Optimal initial means for generating stable clusters were determined by iterating 1,000
initial starting values and selecting values that both gave clusters with high stability across
all iterations and minimized the within cluster sum of squares distance. No batch correction
was performed prior to spline regression or visualization.

For the graphical representations of the cubic spline regression models of changes over time
in the hematoma (Fig. 1C, Fig. S5), the y axis depicts the change from the gene expression
in the earliest collected hematoma sample. Log2 gene expression levels of each gene in
every hematoma sample were normalized to that observed in the earliest sample (37h post-
ICH) by subtracting the gene expression value in the 37h sample from every sample.

Sci Immunol. Author manuscript; available in PMC 2021 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Askenase et al. Page 17

Differential gene expression of blood versus hematoma at acute stage

To determine differentially expressed genes between tissues during the acute stage of ICH, a
separate linear model was built using the limma package for each cell type with tissue
compartment as the only parameter. Only the first blood and first hematoma effluent sample
from each patient was included in the analysis; these samples ranged from 23-99 hours post-
ICH (Tables S1, S2). Technical replicates were included by estimating their correlation and
blocking for them in the linear model according to the methods described in the limma
user’s guide (69).

Differential gene expression according to patient outcome

To determine differentially expressed genes according to patient outcome at 365 days post-
ICH, modified Rankin scores (mRS) calculated by the MISTIE 111 clinical trial were
dichotomized to either “good” (mRS 0-3), or “poor” (MRS 4-6) outcomes. Samples were
included only from the sub-acute stage of the ICH response when gene expression was
temporally stable (>96 hours post-ICH). 15 patients from our initial cohort of 21 contributed
hematoma effluent samples during this time range, the other 6 patients in our cohort
contributed samples only during the acute stage and were therefore excluded from this
analysis. Differential expression analysis on outcome was adjusted for initial disease severity
using a composite severity score defined by the MISTIE 111 trial (18). The severity score
incorporated patient age, initial Glasgow coma score, pre-existing white matter disease and
diabetes status, location of the hemorrhage, hemorrhage volume, and intraventricular
volume. This analysis included repeated measures from the same patients; both technical
replication and biological replication were accounted for in a two-step process. First, gene
expression from technical replicates were collapsed together using the edgeR package,
generating a single sample from each patient at a particular timepoint. Second, repeated
measures from the same patient collected on different days >96 hours post-ICH were
considered biological replicates because gene expression was static in this time range (Fig.
1C) and accounted for by estimating their correlation and blocking for them in the linear
model as a random effect.

Lactate and PGE, measurements

Cell-free supernatants were isolated from peripheral blood and hematoma effluent as
described in the “Leukocyte isolation” section of the methods. Supernatants were then
centrifuged at 2000¢ for 10 minutes to remove cellular debris; supernatant was aliquoted and
frozen at —80°C. Lactate levels were measured using the Lactate Colorimetric Assay Kit 11
(Biovision #K627) according to the manufacturer’s instructions. PGE, was measured both
ex vivo supernatants as well as macrophage culture supernatants using the Prostaglandin E2
monoclonal ELISA kit (Cayman Chemical #514010) according to the manufacturer’s
instructions. All samples were run in duplicate and the average of the two replicates was
taken as the final measurement. Samples that were above the dynamic range of the assays
were diluted in PBS (ex vivo sample supernatants), or cell culture medium (macrophage
culture supernatants), and re-run to obtain accurate measurements.
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Statistical analysis of changes to tissue lactate levels over time

To determine whether lactate levels changed significantly over time in the hematoma and
blood, a cubic spline with 2 degrees of freedom (1 knot) was fitted to the measured lactate
levels over time after ICH. This spline was used as an interacting term with the tissue
compartment in the design matrix of a linear model (akin to the approach used for
differential gene expression over time), so that a separate spline was fit to samples from the
blood and hematoma compartments. F tests were performed to determine the significance of
the spline regressor in the linear model assess whether the level of lactate changed
significantly over time.

Statistical analysis of lactate levels stratified by outcome

Only lactate measurements from hematoma samples collected during the sub-acute stage
(>96 hours post-ICH) were included in this analysis because lactate levels were determined
to be stable after this point. Repeated measures from the same patient collected on different
days >96 hours post-ICH were therefore considered biological replicates; the mean lactate
from all replicates was used to calculate each patient’s individual lactate level during the
time period. Statistical comparison of lactate by outcome was adjusted for initial disease
severity using a composite severity score defined by the MISTIE I11 trial (18), as described
above for differential gene expression stratified by outcome. Severity score and mean lactate
levels for each patient were entered as parameters in a linear model and a F test was
performed to determine the significance of correlation between lactate level and outcome.

Human monocyte-derived macrophage cultures

Peripheral blood mononuclear cells (PBMCs) were isolated from blood collected from
healthy donors (median age 64 years (IQR 60-71, 50% male) over a Ficoll-Paque Premium
gradient (GE Healthcare #17544203). CD14+ monocytes were purified from PBMCs by
magnetic cell separation using the EasySep Human CD14 Positive Selection Kit 11
(STEMCELL Technologies #17858). Monocytes were seeded in tissue culture treated plates
at the following densities: 250,000 cells/well in 24 well plates (Corning #353407), used for
gPCR measurements, 125,000 cells/well in Seahorse XF96 microplates (Agilent #101085-
004) for measurements of glycolytic flux, and 35,000 cells/well in 96 well plates (Corning
#3599) used for cytokine and PGE, measurements. Cells were cultured in RPMI 1640
medium (Gibco #11875-903) supplemented with 100 ng/ml M-CSF (Tonbo #21-8789-
U100), 10% FBS (Gibco #16140-071), 20 mM HEPES (Gibco #15630-080), 1 mM sodium
pyruvate (Gibco #11360-070), non-essential amino acids (Gibco #11140-050), 100 U/mL
penicillin/streptomycin (Gibco, #15140-122), and 2 mM L-glutamine (Gibco #25030-081)
for 7 days; macrophages were used between day 8 and 10 of culture. Cell culture medium
was completely refreshed at days 3 and 6.

Macrophage stimulation with ICH-DAMP

Intracerebral hemorrhage results in the release of DAMP at the site of hemorrhage that
contribute to the subsequent localized inflammatory response within the brain. Previous
work has established thrombin-PARL1 signaling as a key pathway for driving this process /in
vivo (2), but other factors remain unexplored. IPA upstream regulator analysis revealed
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S100A8 (activation Z score = 2.52, p<0.001) and IL-1p (activation Z score = 4.41, p<0.001)
as additional potential soluble factors for mediating gene expression changes in hematoma
CD14+ monocytes/macrophages compared to peripheral cells. Therefore, to model
macrophage activation after ICH in an ex vivo setting, monocyte-derived macrophages from
healthy donors were stimulated with SI00A8 (1 ug/mL, Biolegend #719908), endotoxin free
thrombin (10 U/mL, Sigma #T1063-1KU), and IL-1p (10 ng/mL, Biolegend #579402). This
stimulation paradigm resulted in cytokine secretion patterns that resembled those seen after
stimulation with LPS + IFN-y, as well as macrophage cytokine transcript levels observed /in
vivo after ICH (Fig. 3, 7, S12).

Healthy donor monocyte-derived macrophages were pre-treated with 50 nM echinomycin
(Sigma #SML0477) or vehicle control (0.1% DMSOQ) in fresh culture medium for 1 hour
prior to treatment with 100 pg/mL deferoxamine (Sigma #D9533), ICH-DAMP cocktail, or
vehicle control (water), with two replicate wells per condition. After 8 hours of treatment,
cells were lysed using Qiazol (Qiagen #79306) and RNA was isolated using the miRNeasy
micro kit (Qiagen #217084). cDNA was generated using the SuperScript VILO cDNA
Synthesis Kit (Thermofisher #11756500). Because GADPH and ACTB were differentially
expressed by myeloid cells after ICH (Tables S4, S5, S9), PSMBZ2was used as a
housekeeping gene, as previously reported (70). Tagman primers were used to estimate
expression of PSMBZ (Thermofisher #Hs01002946_m1), PTGES (#Hs01115610_m1), and
HK?2 (#Hs00606086_m1). Statistical significance between was determined using two-way
ANOVA with Dunnett’s correction for multiple comparisons.

Glycolytic flux analysis

For experiments measuring glycolytic flux, on day 8 of culture, macrophage media was
replaced with “Seahorse medium”: Glucose-free DMEM supplemented with M-CSF (100
ng/ml, Tonbo #21-8789-U100), FBS (Gibco #16140-071), glucose (11 mM, Sigma
#G8270), L-glutamine (2 mM, Sigma #G3126), and HEPES (10 mM, American Bio
#AB06021-00100). Healthy donor monocyte-derived macrophages plated in Seahorse XF96
microplates were washed twice with Seahorse medium and then incubated in Seahorse
medium at 37°C in a non-CO; injected incubator. Extracellular acidification rates were
measured by an XFe96 analyzer (Agilent) according to manufacturer’s protocols with 5
replicates per condition. Readings for each well were normalized according to the baseline
extracellular acidification rate (ECAR) reading prior to stimulation, as recommended by the
manufacturer. Statistical significance was determined by repeated measures two-way
ANOVA.

Metabolic inhibition of macrophage stimulation

Healthy donor monocyte-derived macrophages were pre-treated with varying doses of
echinomycin (Sigma #SMLO0477) or vehicle control (0.1% DMSO) in fresh culture medium
for 1 hour prior to treatment with deferoxamine (100 pg/mL, Sigma #D9533), ICH-DAMP
cocktail, or vehicle control (water). After 24 hours of treatment, cell supernatants were
collected and frozen at —80°C for subsequent analysis, with 5 replicate wells per condition.
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Statistical significance was determined by one-way ANOVA with Dunnet’s correction for
multiple comparisons.

PGE; inhibition of macrophage stimulation

Healthy donor monocyte-derived macrophages were stimulated with ICH-DAMP cocktail in
the presence or absence of 100 nM PGE, (Cayman chemical #14010), or vehicle control
(PBS). After 48 hours of treatment, cell supernatants were collected and frozen at —80°C for
subsequent analysis, with 5 replicate wells per condition. Statistical significance was
determined by paired ratio student’s #tests between conditions.

Cytokine measurements

IL-6, IL-10, CCL2, IL-8, IL-10, and VEGF were measured by cytokine bead array (BD
#558264) according to the manufacturer’s instructions. Measurements for CCL2 and IL-8
were above the dynamic range of the assays; for these measurements, samples were diluted
20-fold in cell culture medium prior to analysis to obtain accurate measurements. Statistical
significance was determined using one-way ANOVA with Dunnett’s correction for multiple
comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Themyeloid responseto ICH isa highly conserved two-stage process.
(A) Visual summary of sample collection from ICH patients and cDNA generation for RNA

sequencing of myeloid cells from hematoma effluent and peripheral blood. Additional
information can be found in Materials and Methods. (B) Principal component analysis of
transcriptional profiles of CD14+ monocytes/macrophages and neutrophils from ICH
patients. Each point represents a single sample; all timepoints from each donor are
represented. Projections show the first two principal components, which comprise the largest
proportion of the variance in overall gene expression. Additional data are provided in Fig.
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S4. (C) Mean expression over time of genes in one of two dynamic transcriptional modules
identified in hematoma monocytes/macrophages and neutrophils, or in the remaining static
genes. Each point represents the mean relative expression level of all genes either
upregulated (red/orange), downregulated (blue/teal) or unchanged (gray) over time in a
single sample; every monocyte/macrophage or neutrophil sample contributes one point of
each color. Colored lines represent loess-smoothed regression of the data. Additional
information is provided in Fig. S5. (D) Venn diagram depicting overlap in genes between the
modules portrayed in (C). Gene lists can be found in Table S5.
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Fig. 2. CD14+ macrophages and neutrophilsdisplay broad transcriptional remodeling in the
hematoma during the acute stage of ICH.

(A) Median level of expression of monocyte/macrophage and neutrophil genes in blood
versus hematoma. Only the first (earliest) blood and hematoma samples from each patient in
the dataset were included in this analysis, spanning 23 to 99 hours post-ICH; n = 21 patients
for monocytes/macrophages, n = 17 patients for neutrophils. Transcriptional profiles that did
not meet minimum quality standards were filtered out of the dataset (see Materials and
Methods, Initial data processing), which led to fewer neutrophil profiles in the comparison
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than monocyte/macrophage profiles. Significantly upregulated or downregulated genes in
the hematoma (BH adjusted p<0.05) are colored red and blue respectively. (B) Single
sample gene set enrichment analysis (sSGSEA) of the first blood and hematoma samples
from each patient depicting relative enrichment of all 53 hallmark gene sets to provide an
overview of transcriptional differences between blood and hematoma cells. Key immune and
metabolic pathways are highlighted in bold. Differential enrichment between blood and
hematoma populations was assessed by student’s t test adjusted for multiple comparisons
using the Benjamini-Hochberg (BH) method. ***: p<0.001, **: p<0.01, *: p<0.05.
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Fig. 3. CD14+ monocytes/macr ophages and neutrophils are functionally and metabolically
reprogrammed within the hematoma during the acute responseto | CH.

(A) Canonical pathway analysis of differentially expressed genes in CD14+ monocytes/
macrophages and neutrophils during the acute stage. After selecting for pathways with
significant enrichment (BH adjusted p<0.05), the eight pathways with the highest
enrichment Z-scores in each cell type are presented. (B-G) Differential expression of genes
in glucose utilization pathways and immune factor secretion pathways during the acute stage
of ICH. Color scale represents median log2 fold-change in expression in hematoma
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compared to blood. Blank spaces represent genes not expressed by neutrophils in either
tissue. Only genes with significant differential expression between blood and hematoma in at
least one of the two cell types (BH adjusted p<0.05) are included. Dashed lines between
glycolysis enzymes and schematic denote genes controlling a particular enzymatic step in
glycolysis. Heatmaps of expression of these genes by every sample are presented in Fig. S7
and additional differential expression data is presented in Table S6. (H) Upstream regulator
analysis of predicted transcriptional mediators of the changes to gene expression during the
acute stage of the ICH response. After selecting for pathways with significant enrichment
(BH adjusted p<0.05), the ten pathways with the highest enrichment Z-scores in each cell
type are presented. All analyses were performed using the first (earliest) blood and
hematoma samples from each patient in the dataset, spanning 23 to 99 hours post-ICH (the
acute stage); n = 21 patients for CD14+. monocytes/macrophages, 17 patients for
neutrophils.
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Fig. 4. CD14+ monocytes/macrophages decrease expression of glycolytic and inflammatory genes
over time.

(A) Gene ontology (GO) analysis of genes decreasing in expression over time in hematoma
CD14+ monocytes/macrophages. Number of genes represented in the pathway are presented
at the end of each bar. (B) Gene expression over time in blood and hematoma CD14+
monocytes/macrophages of enzymes controlling rate limiting steps in glycolysis. Gray
shading represents the 95% confidence interval of the regression mean. (C) Lactate levels in
hematoma effluent and peripheral blood over time after ICH. n = 8 blood samples from 8
patients and 56 hematoma samples from 18 patients. (D) Gene expression over time of
secreted inflammatory cytokines by blood and hematoma CD14+ monocytes/macrophages.
For all gene expression plots, n = 82 (blood) and 57 (hematoma). p values represent
significance of changes to gene expression in hematoma cells or lactate levels over time in
hematoma as measured by spline regression, adjusted using the BH method. Additional data
presented in Table S5 and Fig. S8.
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Fig. 5. Hematoma CD14+ monocytes/macrophages acquire a transcriptional profile associated
with erythrocyte phagocytosis and repair over time after |CH.

(A) Gene ontology (GO) analysis of genes decreasing in expression over time in hematoma
CD14+ monocytes/macrophages. Number of genes represented in the pathway are presented
at the end of each bar. (B) Gene expression over time of genes involved in efferocytosis
(MERTK, HAVCRZ, ITGAV) and heme degradation (HMOXI). (C-E) Gene expression over
time of genes encoding anabolic metabolism (C), monocyte chemoattractants (D), the anti-
inflammatory cytokine IL-10, and PTGES (E). Gray shading represents the 95% confidence
interval of the regression mean. For all gene expression plots, n = 82 (blood monocytes), 57
(hematoma CD14+ monocytes/macrophages), 76 (blood neutrophils) and 49 (hematoma
neutrophils) samples. (F) PGE; levels in hematoma effluent and peripheral blood over time
after ICH. n = 8 blood samples from 8 patients and 57 hematoma samples from 18 patients.
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p values represent significance of changes over time as measured by spline regression,
adjusted using the BH method. Additional data presented in Table S5 and Fig. S9.
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Fig. 6. PTGES and glycolytic enzyme genes are more highly expressed by CD14+ monocytes/
macrophagesin patients with good neurological recovery.

(A) Differential gene expression in hematoma CD14+ monocytes/macrophages during the
sub-acute stage of ICH (>96 hours post-ICH). Each column represents one patient; each row
represents one gene (561 total genes). The dendrogram represents agglomerative hierarchical
clustering by unweighted pair group method with arithmetic mean (UPGMA). Additional
data presented in Table S9. (B) Gene ontology (GO) analysis of differentially expressed
genes in hematoma CD14+ monocytes/macrophages during the sub-acute stage of ICH.
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Number of genes represented in the pathway are presented at the end of each bar. For
enrichment in poor outcome, only the 5 most significantly enriched pathways are shown,
additional pathways are presented in Table S10. (C) Differentially expressed genes from
metabolic and functional pathways in figures 3, 4, and 5 are displayed. (D) Expression level
of PTGES by hematoma CD14+ monocytes/macrophages. (E) Expression level of HK2by
hematoma CD14+ monocytes/macrophages. (F) Lactate levels in hematoma during sub-
acute stage of ICH; n = 14 total patients, lactate levels for one patient were not recorded.
Lactate levels were compared by linear modeling adjusted for initial hemorrhage severity
and subsequent F test for statistical significance. For all gene expression data, statistically
significant differential expression was determined by linear modeling adjusted for initial
hemorrhage severity (n =15 total patients); BH adjusted p<0.05 significance threshold. **:
p<0.01; ***: p<0.001,
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Fig. 7. HIF-mediated glycolysis by macrophages promotesreparative functions.

(A) Expression of HK2by macrophages treated for 8 hours with ICH-associated danger
molecules (ICH-DAMP: S100A8 [1 pg/mL], Thrombin [10 U/mL], and IL-1f [10 ng/mL]),
HIF activator DFO (100 ug/mL), or vehicle control +/- HIF signaling antagonist
echinomycin (50 nM). Points represent mean values from two replicate wells of n = 3
donors. (B) Glycolytic flux of healthy donor human macrophages stimulated with ICH-
DAMP or vehicle control in+/- echinomycin (50 nM). Points represent mean values from
five replicate wells of n = 4 donors. (C) PTGES expression by healthy donor macrophages
under conditions described in (A). (D) IL-6 and PGE, production by healthy donor
macrophages treated for 24 hours with ICH-DAMP or vehicle control +/- echinomycin or
glycolysis inhibitor 2-DG (1 mM). All comparisons are to vehicle + ICH-DAMP. (E) PGE,
and VEGF production by healthy donor macrophages treated for 48 hours with ICH-DAMP
in the presence or absence of 100 nM PGEy,. Points represent mean values from five
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replicate wells of n = 6 donors. Additional cytokine data are presented in Fig. S12. All error
bars represent standard deviation. ***: p<0.001, **: p<0.01
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