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inflammation after subarachnoid
hemorrhage

ABSTRACT

Objective: To investigate inflammatory processes after aneurysmal subarachnoid hemorrhage
(aSAH) with network models.

Methods: This is a retrospective observational study of serum samples from 45 participants with
aSAH analyzed at multiple predetermined time points: <24 hours, 24 to 48 hours, 3 to 5 days,
and 6 to 8 days after aSAH. Concentrations of cytokines were measured with a 41-plex human
immunoassay kit, and the Pearson correlation coefficients between all possible cytokine pairs
were computed. Systematic network models were constructed on the basis of correlations
between cytokine pairs for all participants and across injury severity. Trends of individual cyto-
kines and correlations between them were examined simultaneously.

Results: Network models revealed that systematic inflammatory activity peaks at 24 to 48 hours
after the bleed. Individual cytokine levels changed significantly over time, exhibiting increasing,
decreasing, and peaking trends. Platelet-derived growth factor (PDGF)-AA, PDGF-AB/BB, soluble
CDA40 ligand, and tumor necrosis factor-a (TNF-a) increased over time. Colony-stimulating factor
(CSF) 3, interleukin (IL)-13, and FMS-like tyrosine kinase 3 ligand decreased over time. IL-6, IL-5,
and IL-15 peaked and decreased. Some cytokines with insignificant trends show high correla-
tions with other cytokines and vice versa. Many correlated cytokine clusters, including a platelet-
derived factor cluster and an endothelial growth factor cluster, were observed at all times.
Participants with higher clinical severity at admission had elevated levels of several proinflamma-
tory and anti-inflammatory cytokines, including IL-6, CCL2, CCL11, CSF3, IL-8, IL-10, CX3CL1,
and TNF-a, compared to those with lower clinical severity.

Conclusions: Combining reductionist and systematic techniques may lead to a better understand-
ing of the underlying complexities of the inflammatory reaction after aSAH. Neurology®
2017;88:1535-1545

GLOSSARY

aSAH = aneurysmal subarachnoid hemorrhage; CSF = colony-stimulating factor; DCI = delayed cerebral ischemia; EGF =
epidermal growth factor; FGF-2 = fibroblast growth factor-2; FLT3L = FMS-like tyrosine kinase 3 ligand; HH = Hunt-Hess;
IFN-a2 = interferon-a2; IFNG = type-ll interferon family; IL = interleukin; MIP = macrophage inflammatory protein; Pcc =
Pearson correlation coefficient; PDGF = platelet-derived growth factor; sCD40L = soluble CD40 ligand; SI = similarity
index; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.

Aneurysmal subarachnoid hemorrhage (aSAH) affects =30,000 people annually and accounts
for 10% to 15% of all strokes." Despite improvements in clinical management, morbidity after
aSAH remains high. Studies have shown that early elevation of central and peripheral inflam-
matory cytokines is associated with delayed neurologic deteriorations.” However, such studies
typically use methods to examine differences in concentrations of individual cytokines across
disease severity or clinical outcomes. They fail to account for the complexities and redundancies
that arise from cytokine interactions inherent to the immune reaction.** In addition to exam-
ining individual cytokines, investigating associations between them can lead to a better under-
standing of the inflammatory process after aSAH. A systematic approach based on network
theory can offer insights into the multifactorial relationships and can delineate the complexities
underlying inflammatory processes.’
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We propose a data-driven model of
immune response at different acute time peri-
ods after aSAH. The initial time period after
aneurysm rupture (<72 hours), also known
as the early brain injury phase, has recently
become the focus of investigation® because it
is implicated in delayed neurologic deteriora-
tion and poor outcomes. Uncontrolled inflam-
mation is posited to contribute to clinical
worsening during the early brain injury phase,
manifesting clinically as poor neurologic sta-
tus.”® Hence, in addition to the examination
of inflammation at different times, we investi-
gate systematic differences across clinical status
at admission. While some studies have used
similar techniques to model the inflammatory
condition in chronic neurologic conditions,’
these techniques have not been fully explored
in acute aSAH research.

METHODS Study population, patient criteria, and
clinical variables. This is a retrospective, observational, single-
center study of patients with aSAH admitted to the Neuroscience
Intensive Care Unit at the Memorial Herman Hospital-Texas
Medical Center between July 2013 and August 2014. Serum
samples were collected at 4 predetermined time points after
admission: <24 hours (T}), 24 to 48 hours (T5), 3 to 5 days (T3),
and 6 to 8 days (T4) after aSAH. To maintain homogeneity, only
participants from whom at least 3 serum samples were drawn at any
of the above-mentioned time points were included. Participants
with SAH from nonaneurysmal causes, including trauma, arterio-
venous malformation, and mycotic aneurysms, were excluded.
Patients with known autoimmune disease and other conditions
that may affect baseline inflammation, including history of
malignancy, and current pregnancy were excluded. All clinical
and radiographic variables used in the study (the supplemental
material at Neurology.org gives the definitions of clinical variables),
including Hunt-Hess (HH) score, intraventricular hemorrhage
score, Fisher score, and delayed cerebral ischemia (DCI), were

adjudicated by at least 2 attending neurointensivists.

Standard protocol approvals, registrations, and patient
consents. This study was conducted with Institutional Review
Board approval (No. HSC-MS-12-0637). Written informed

consent was obtained from the patient or surrogate.

Sample collection and analysis. Blood samples were collected
in K2 EDTA vacutainer tubes and were centrifuged within an
hour of draw (1,460¢ for 10 minutes at 4°C), generating plasma
that was centrifuged a second time (1,460g for 10 minutes at 4°C)
to generate platelet-poor plasma. Platelet-poor supernatant was
collected and stored at —80°C until ready for use. Cytokine
sample concentrations were determined with a MAGPIX mag-
netic bead—based ELISA 41-plex assay (EMD Millipore, Billerica,
MA) to test for the following cytokines: CC chemokines (CCL2,
CCL5, CCL7, CCL11, and CCL22), CX chemokines (CX3CL1
and CXCLIP1), macrophage inflammatory proteins (MIP-1a
and MIP-1B), the interleukin (IL)-1 superfamily (IL-1A, IL-1R1,
IL-4, IL-5 and IL-6), IL-17 family (IL-17a), IL-2, IL-3, IL-7, IL-
8, IL-9, IL-10, IL-13, IL-15, platelet-derived growth factors
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(PDGF-AA and PDGF-AB/BB), epidermal growth factor (EGF),
fibroblast growth factor-2 (FGEF-2), colony-stimulating factors
(CSF3 and CSF2), tumor necrosis factors (TNF-a/ TNF-B), vas-
cular endothelial growth factor (VEGF) A, IL-12p40, IL-12p70,
soluble CD40 ligand (sCD40L), IL-1b, interferon-inducible pro-
tein 10, type-1I interferon family (IFNG), interferon- a2 (IFN-a2),
FMS-like tyrosine kinase 3 ligand (FLT3L), and transforming
growth factor-oe (TGF-at). Plasma was analyzed according to the

manufacturer’s protocol (supplemental material).

Statistical analysis. To describe differences in demographics
across HH grades, the X% Student #, Fisher exact, and Mann-
Whitney U tests were used when appropriate. To test cytokine
expression levels across HH grades and DCI status, the Mann-
Whitney U test was used. To test for cytokine expression levels
across time, the generalized estimated equations were used
because they account for within-subject correlation. To compare
networks at different time points, the random skewers algorithm
was used.’® To adjust for multiple comparisons, the Benjamini-
Hochberg method'' with a false discovery rate of 10% was
applied. The open-source statistical packages in R (version 3.1.3)
were used to perform statistical analysis. Cytoscape (version

3.2.1) was used for network visualization.

Data transformation. For network models, Pearson correlation
coefficients (Pccs) between all possible cytokine pairs were com-
puted. Because most raw cytokine values are not normally distrib-
uted and highly skewed, the Box-Cox transformation'? was used
to normalize each cytokine distribution. The Kolmogorov-
Smirnov test was used to test for normality of the transformed

distribution at a 5% significant level.

Clustering. A correlation matrix was constructed with each cell
entry representing a Pcc between a cytokine pair. For a 40-plex
array, there are 780 unique pairwise correlation coefficients. In
the matrix, the lower triangle is a duplicate of the upper triangle,
and the diagonal elements are self-correlations (equal to one). The
hierarchical clustering algorithm with average-linking criteria was
used to group correlated cytokines on the basis of euclidean

distances between cytokine correlations.'

Network model. A network has nodes and edges. The edges
represent a relationship between the nodes. We modeled the
immune response as a network with the cytokines as nodes and
the Pccs as edges between them. Because a high number of cor-
relations are possible among the 40 cytokines, a hard threshold
of 0.75 was used to exclude correlations below this value and
to focus only on strong correlations. To construct networks for
the HH = 3 and HH = 4 groups, pairwise correlations for each
group were ranked on the basis of significant p values, and only

the top 5% (=40) of the correlations were used.

RESULTS Demographics. During the study period,
124 patients with aSAH were admitted to our institu-
tion. Sixty-eight patients consented for blood samples
to be drawn. We included 45 consecutively admitted
participants who were able to provide samples at least
3 time points. A total of 151 samples were analyzed
(45 samples at T4, 31 samples at T, 38 samples at
T3, and 37 samples at T4). There were more female
participants in the study population compared to
those who were excluded (80% vs 60%, p = 0.04).
There were no other differences in characteristics

(table e-1).
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Participants included in the study were stratified on
the basis of their clinical status at admission into good
(HH = 3) and poor (HH = 4) groups. There were
no significant differences in age, sex, smoking habits,
history of hypertension, incidence of DCI, intraventric-
ular hemorrhage score, hospital length of stay, and Fisher
score across injury grades. As expected, the HH = 4
group had significantly higher mortality rate and worse
modified Rankin score at discharge (table e-2). The dif-
ferences in demographics were similar when participants
were dichotomized as HH = 2 vs HH = 3 (table e-3).

Individual trends. The cytokine CCL22 (MDC) was
undetectable at all time points and was excluded from
the analysis. Three distinct trends in cytokine expres-
sion were observed; increasing, decreasing, and peak-
ing (figure 1). PDGF-AA, PDGF-AB/BB, sCD40L,
and TNF-a increased significantly over time (figure
1A). CSF3, IL-13, and FLT3L significantly decreased
over time (figure 1B). IL-6, IL-5, and IL-15 had
peaking trends over time (figure 1C). IL-6 peaked at
T, (36.4 = 82.9 pg/mL) and returned to baseline
values by T4 (15.9 % 29.8 pg/mL) (figure 1C).

Cytokine correlations and clusters over time. The ran-
dom skewers methods computes a similarity index
(SI) between the networks. The networks at all time
points are significantly correlated (all p < 0.01).
Among them, the most dissimilar were T, and Ty4
(SI 0.834), T3 and T4 (SI 0.835), T, and T3 (SI
0.843), and T, and T, (SI 0.867). The networks that
were most similar were T and T4 (SI 0.891) and T,
and T3 (SI 0.893).To examine only strong correlations,
a hard threshold of Pcc > 0.75 was applied to the
network'; L.e., only edges with Pcc values >0.75 were
considered. After the threshold was applied, there were
21, 40, 20, and 15 high-strength correlations observed
at Ty, Ty, T3, and Ty, respectively (figures 2 and 3).
Clustering analysis reveals the presence of distinct
correlated cytokine clusters. The source, function,
trend, systemic activity, and clinical relevance in par-
ticipants with aSAH of each cytokine in different
clusters are outlined in table 1. Four cytokine clusters
were observed at all times. The first cluster comprised
cytokines generally related to platelet activity. The
second cluster included IL-2, IL-9, IL-12p40, and
TNF-B. The third cluster comprised endothelial
growth factors, including VEGFA and FGE-2. The
fourth cluster comprised CSF2 and IFN-a2.

Cytokine levels across injury severity. Several cytokines
differed in concentration levels across injury severity
(figure 4). At T, the HH = 4 group had higher levels
of IL-6 (p < 0.001), CCL2 (» < 0.001), CCL11 (p <
0.01), and CSF3 (p < 0.01). IL-8, IL-10, CX3CL]1,
and TNF-a were also significantly elevated in the HH
=4 group; however, they were not significant when

adjusted for multiple comparisons. High PDGF-AB/
BB at T, was observed in participants who sub-
sequently developed DCI (1,113.6 * 388 vs 472.8 =
388.7 pg/mL, p < 0.05). The correlation matrices of
different HH grades indicate a higher number of
negative correlations in the HH = 4 group (figure e-1).
Negative correlations were observed between CX3CL1
and IL-15 (r = —0.6, p = 0.09), IL-10 and IL-5 (» =
—0.65, p = 0.07), EGF and interferon-inducible
protein 10 (r = —0.66, p = 0.07), and IL-5 and
TNF-a (r = —0.67, p = 0.00). The only significant
negative correlation in the HH = 3 group was between
FLT3L and CCL5 (r = —0.3, p = 0.02). A hierar-
chical clustering analysis revealed more clusters in the
HH = 4 group compared to the HH = 3 group
(figure e-1, A and B). The top 5% of the significant
correlations (=40) in both groups are shown (figure
e-1, C and D). Cytokines were ranked on the basis of
the number of correlations they extended to other
cytokines in the group. IL-9 (9), IFN-a2 (6), IL-15
(5), and IL-12p70 (6) had the highest correlations in
the HH =3 (figure e-1C). In the HH =4 group,
CX3CL1 (5), FGF-2 (7), IFNG (7), and IL-17A (7)
had the most correlations (figure e-1D).

DISCUSSION The main findings of this study are
that (1) acute systematic inflammation peaks at 24
to 48 hours after the bleed and returns to baseline val-
ues by 6 to 8 days, (2) cytokines that do not signifi-
cantly change over time may still play a dynamic
role in the inflammatory processes, (3) cytokines that
do not differ across injury severity may still play a role
in disease severity, (4) platelet-derived cytokine levels
increased in time and were highly correlated with
each other, and (5) the severe injury grade group has
a higher proportion of negative correlations suggest-
ing the presence of regulatory mechanisms.

After the exclusion of Pcc values <0.75, the net-
work at T} and T had a similar number of cytokines
(19 vs 22). However, the T, network had twice the
number of correlations (40 vs 21) compared to Tj.
This indicates that the correlations among the inflam-
matory markers examined peaks at the 24- to 48-hour
postbleed window. The comparison of networks
using random skewers method revealed that the net-
work at T, was most significantly different from the
other time points. Several inflammatory events during

15,16

this period, including increased leukocytosis,'>'¢ acti-

17-19 and

vation of mechanisms involving neutrophils
VEGEF upregulation,* have been reported in patients
who proceed to develop DCI. A number of clinical
events linked to inflammation, including cerebral

edema,®?!

seizures,*” and high intracranial pressure,*

have also been reported during this period. The peak

inflammatory interactions among the examined
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cytokines at 24 to 48 hours may be indicative of
complications that occur later.

Network characterization indicates that some cy-
tokines with no significant differences across time
may play an important role in the inflammatory pro-

cess. For instance, although VEGF, IFNG, FGEF-2,
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IL-12p70, IL-12p40, TNEF-B, and IL-9 do not vary
significantly across time, they are highly correlated
(figures 2 and 3) and likely to be involved in regula-
tory mechanisms involving other cytokines. Con-
versely, cytokines with significant changes across

time, including sCD40L, TNF-a, CSF3, IL-13,



Figure 2 Dynamics of correlation networks (A and B) and clustering patterns (C and D) of cytokine associations in all participants with aSAH
at O to 24 and 24 to 48 hours
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Each edge in the cytokine network represents a Pearson correlation coefficient =0.75. Networks were constructed from 45 samples at O to 24 hours (A), 32
samples at 24 to 48 hours (B), and after admission. The nodes with the first and second most number of correlations are highlighted in red and green,
respectively. The bottom row is the hierarchical clustering of pairwise cytokine correlations. Each pixel in the dendrograms is a correlation coefficient value
between a cytokine pair corresponding to that row and column. Green, red, and black pixels indicate a positive, negative, or near-zero correlation. Because
the correlational matrix is symmetric, the upper triangle is a duplicate of the lower triangle. The diagonal elements are self-correlations and are equal to one.
The number of associations peaks at 24 to 48 hours. The pairwise comparison of all networks using random skewers method indicates that the network at
24 to 48 hours was dissimilar to other networks. Clustering dendrograms group cytokines that are most closely associated with each other. The network
model and clustering analysis indicate a correlated cluster of the platelet-derived cytokines involving platelet-derived growth factor (PDGF)-AA, PDGF-AB/
BB, soluble CD40 ligand (sCD40L), CXCL1P1, and CCL5 at all periods. aSAH = aneurysmal subarachnoid hemorrhage; CSF = colony-stimulating factor;
EGF = epidermal growth factor; FGF2 = fibroblast growth factor-2; FLT3L = FMS-like tyrosine kinase 3 ligand; IFNA2 = interferon-a2; IFNG = type-I|
interferon family; IL = interleukin; IP10 = interferon-inducible protein 10; MIP1B = macrophage inflammatory protein-18; TNF = tumor necrosis factor;
VEGF = vascular endothelial growth factor.
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Figure 3 Dynamics of correlation networks (A and B) and clustering patterns (C and D) of cytokine associations in all participants with aSAH
at 3 to 5 and 6 to 8 days
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Each edge in the cytokine network represents a Pearson correlation coefficient =0.75. Networks were constructed from 38 samples at 3 to 5 days (C) and from
37 samples at 6 to 8 days. The nodes with the first and second most number of correlations are highlighted in red and green, respectively. The number of
correlations returns to baseline levels at 6 to 8 days. The pairwise comparison of all networks using random skewers method indicates that the network at 3 to 5
days was similar to the network at O to 24 hours. The bottom row is the hierarchical clustering of pairwise cytokine correlations. The network model and clustering
analysis indicate a correlated cluster of the platelet-derived cytokines involving platelet-derived growth factor (PDGF)-AA, PDGF-AB/BB, soluble CD40 ligand
(sCD40L), CXCL1P1, and CCL5 at all periods. aSAH = aneurysmal subarachnoid hemorrhage; CSF = colony-stimulating factor; EGF = epidermal growth factor;
FGF2 = fibroblast growth factor-2; FLT3L = FMS-like tyrosine kinase 3 ligand; IFNA2 = interferon-a2; IFNG = type-Il interferon family; IL = interleukin; IP10 =
interferon-inducible protein 10; MIP1B = macrophage inflammatory protein-18; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.

IL-5, and IL-6, were not prominent in the networks.  cytokines are only marginally dominant at the sys-
For instance, IL-6, a proinflammatory cytokine that  tematic level, can exert effects on different physiologic
has been implicated in vasospasm®* and delayed ische-  processes independently of other cytokines, or affect
mia, peaked at T, but correlated weakly with other the inflammatory processes via other mechanisms
cytokines in the system. This suggests that some involving cytokines not investigated in this study.
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[ Table 1 Description of cytokine clusters ]

<24 h (T4) 24-48 h (T2) 3-5d(Ty) 6-8d (Ts)
Cluster Cytokine Source Primary function Trend SC Trend SC Trend SC Trend SC SAH literature
| PDGF-AA P Mitogen 1 1 1 0 1 1 T 2 High PDGF activity associated with
poor outcomes?”:2°

PDGF-AB/BB P Mitogen 1 2 1 0 T 1 11 2
CCL5 P T activation = 1 = 0 = 0 1 2
sCD40L P Increases activity of MMP — 0 — 0 — 0 T 0
TNF-a P, MM Apoptosis — 0 — 0 — 0 1 0

I} TNF-g T,B Immunostimulatory — 2 — 6 — 2 — 0 Previously undescribed
IL-1b MM Proinflammatory — 1 — 4 — 3 — 2 Previously undescribed
IL-2 T Promotes T-regs — 2 — 5 — 8 — 2 Previously undescribed
IL-9 T Promotes cell proliferation — 2 — 4 — 7 — 2 Previously undescribed
IL-12p40 DC, MM Acts on NK cells = 1 = 6 = 4 = 0 Immunomodulation activity
EGF NC Modulates cell growth — 1 — 3 — 1 — 0 Previously undescribed

llla VEGF EC,N, G Angiogenesis — 4 — 6 — 2 — 4 Injury marker in SAH/TBIZ°
FGF-2 G Protection from Glu toxicity and EBI — 3 — 5 — 2 — 2 Injury marker in SAH/TBI2°
IFNG NK MM activation and MHC Il inducer — 3 — 6 — 3 — 1 aSAH-induced immunodepression®*
IL-12p70 MM Stimulates NK cells to produce IFNG — 3 — 6 — 1 — 3 Previously undescribed

b IL-7 DC, BM, N T- and B-cell development — 0 — 3 — 0 — 0 Previously undescribed
MIP-1a MM Activates granulocytes = 8 = 8 = 1 = 2 Previously undescribed
IL-17A T Induces stimulation of other cytokines — 4 — 6 — 2 — 4 Previously undescribed

v CSF2 MM, T, EC, NK, Fb Growth factor for WBCs — 1 — 3 — 3 — 1 Previously undescribed
IFN-a2 NK, T, B Mainly antiviral, regulates cell growth — 3 — 2 — 2 — 1 Previously undescribed
IL-6 MM, T Acute-phase response — 0 11 0 - 0 ! 0 Poor outcome after SAH3®
CSF3 MM, EC, BM BM stimulation l 0 l 0 l 0 i 0 Previously undescribed

Abbreviations: aSAH = aneurysmal subarachnoid hemorrhage; B = B cells; BM = bone marrow cells; CSF = colony-stimulating factor; DC = dendritic cells; EBI = early brain injury; EC = endothelial cells; EGF =
epidermal growth factor; Fb = fibroblasts; FGF-2 = fibroblast growth factor-2; G = glial cells; Glu = glutamate; IFN-a2 = interferon-a2; IFNG = type-Il interferon family; IL, interleukin; MHC = major histocom-
patibility complex; MIP-1« = macrophage inflammatory protein-1«; MM = monocyte/macrophages; MMP = matrix metalloproteinase; N = neurons; NC = numerous cells; NK = natural killer; P = platelets; PDGF =
platelet-derived growth factor; SAH = subarachnoid hemorrhage; SC (systematic correlations) = number of neighboring correlations; sCD40L = soluble CD40 ligand; T = T cells; TBI = traumatic brain injury; TNF =
tumor necrosis factor; T-regs = regulator T cells; VEGF = vascular endothelial growth factor; WBC = white blood cells; 1 = increasing; 11 = peaking; | = decreasing; | | = lowest.



1542

Figure 4 Difference in cytokine expression levels and correlations across HH grades (A) and difference in
cytokine levels across patients with good and poor admission status (at T,) stratified by HH< 3

(white) vs HH > 4 (gray)
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Interleukin (IL)-6 (A), CCL2 (B), CCL11 (C), and colony-stimulating factor-3 (CSF3) (D) were elevated in the Hunt-Hess (HH) =
4 group. The unadjusted p values indicate possible elevation of IL-8 (E), IL-10 (F), CX3CL1 (G), and tumor necrosis factor
(TNF)-a (H) in the HH = 4 group (B and C). aSAH = aneurysmal subarachnoid hemorrhage; EGF = epidermal growth factor;
FGF2 = fibroblast growth factor-2; FLT3L = FMS-like tyrosine kinase 3 ligand; IFNA2 = interferon-a2; IFNG = type-I|
interferon family; IL = interleukin; IP10 = interferon-inducible protein 10; MIP1B = macrophage inflammatory protein-14;
PDGF = platelet-derived growth factor; VEGF = vascular endothelial growth factor. *Significant p values represent the
Benjamini-Hochberg-adjusted (false discovery rate 10%) values.

We hypothesize that the increased number of corre-
lations during this phase and the peaking of the
proinflammatory cytokine IL-6 could be indicative
of a neutrophil-mediated response that begins imme-
diately after the rupture and persists for the first 48
hours. In addition, the decrease in the associations at
>48 hours and the decline in the expression levels of
proinflammartory cytokines could be indicative of the
activation of a monocyte-macrophage mediated
response that increases after 48 hours.

Clustering analysis revealed the presence of multi-
ple correlated clusters. (1) Plareler factors: Platelet-
derived cytokines are highly interactive at the system-
atic level from T to T (figures 2 and 3). This cluster
included PDGF-AA, PDGF-AB/BB, TNF-a, CCL5
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(a leukocyte attractant), sCD40L (a proinflammatory
glycoprotein), and CXCLIP1 (a chemoattractant for
neutrophils). They are involved in a wide range of
biochemical processes, including mitosis, would heal-
ing, vessel formation, and vasoconstriction.”>*” Pre-
viously, PDGF levels and outcomes after aSAH have
been reported®®*’; however, our findings pertaining
to interactions between PDGFs, CCL5, sCD40L,*°
and CXCLI1P1 are previously undescribed and war-
rant further investigation. (2) IL-2, IL-9, IL-12p40,
and TINF-B cytokines: From T to T4, a cluster includ-
ing IL-2, IL-12p40, TNE-B, and IL-9 was observed.
With the exception of IL-12p40, which is reported to
play a role in the immunomodulation after aSAH, all
other cytokines in this cluster are previously

© 2017 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



undescribed, and their roles require investigation.
(3a) Endothelial growth factor cluster: A cluster includ-
ing VEGF, EGF, FGF-2, IENG, and IL-12p70 was
observed at all time points. While none of the cyto-
kines in this cluster show increasing or decreasing
trends, systematically, these cytokines, VEGF and
FGF-2 in particular, were active from T, to T4 with
peak interactions at 24 to 48 hours after aSAH. Ele-
vated VEGF and FGF-2 have been reported in acute
traumatic brain injury and aSAH previously.”® VEGF
and EGF2 are typically involved in pathologic mech-
anisms pertaining to angiogenesis, neurovascular dis-
orders, endothelial repair, and neuroprotection.’’ In
an experimental aSAH model, VEGF, via the activa-
tion of mitogen-activated protein kinase pathways,
has been implicated in increased blood-brain perme-
ability and edema.>? A recent study has shown that
administration of VEGF receptor-2 (an anti-VEGF
antibody)
reduced edema and improved outcomes in animal

to target VEGF-associated pathways

model.?? The results presented in our study corrobo-
rate these findings and suggest that these mechanisms
also could be relevant in clinical aSSAH. While IFNG
has previously been reported in aSAH-induced
immune depression,* the role of IL-12p70 in aSAH
is unclear. The high correlation between IFNG and
IL-12p70 in our participant population suggests the
presence of a mechanism involving IL-12p70 stimu-
lation of natural killer cells, which in turn express
IFNG.* (3b) MIP-1e, IL-7, and IL-17A: MIP-1a,
IL-7, and IL-17A were loosely correlated in the clus-
ter with endothelial factors, and their roles warrant
further investigation. (4) CSF2 and IFN-a2: We
additionally report that CSF2 and IFN-a2 were
highly correlated at all times after aSAH. The activi-
ties of both these cytokines in aSAH are unclear.
Our finding that participants with higher injury
severity have elevated levels of IL-6, CCL2, and
CCL11 at <24 hours of rupture is consistent with
earlier reports.’**® In addition, CSF3 was elevated
in the HH = 4 group. CSF3 is a glycoprotein that
stimulates bone marrow to produce granulocytes
and stem cells. CSF3 expression immediately after
the bleed (<24 hours) is twice as high as it is at T4
(figure 1B), and the HH = 4 group had almost 4
times the expression levels of CSF3 compared to
the HH = 3 group at T}, indicating that the pro-
duction of granulocytes and stem cells increases
over time in proportion to injury severity (figure
4). Network model indicates that CSF3 has a strong
correlation with IL-6 and FGF-2 in the HH = 4
group (figure e-1D). The correlation between FGE-
2 and CSF3 was almost 10 times stronger in the
HH = 4 group. The coexpression of CSF3 and
FGF-2 is associated with new vessel formation.?*#°

Mechanisms  involving CSF3 and FGEF-2

production after aSAH are unclear. However, the
dominance of FGF-2 in the HH = 4 group net-
work indicates a possible vital role in the injury
process. IL-13 strongly correlated with FGEF-2
and decreased over time. FGF-2 was the most cor-
related cytokine in the HH = 4 group. FGF-2 is
also implicated in different biological processes,
including wound healing. This is consistent with
carlier reports of FGF-2 after aSAH.?° Finally, the
numbers of inverse correlations were higher in the
HH = 4 group compared to the HH = 3 group,
indicating the presence of regulatory pathways in
poor-grade patients.

Limitations. First, being a single-center observational
study, it is bound by inherent biases. Every institu-
tion has a unique patient population and has specific
protocols for aSSAH management. This may limit the
generalizability of our findings. Second, despite cor-
rections for false positives, complete elimination of
spurious correlations is not guaranteed. Third, the
study design only permits correlational observations
and does not describe putative mechanisms. To
determine whether these changes contribute to clin-
ical worsening or are simply an epiphenomena, in-
terventional trials are needed. Fourth, the sample size
is relatively small, and comparisons between clinical
outcomes were not possible. Finally, in addition to
peripheral inflammation, the examination of central
inflammation through CSF or microdialysate may
offer further insight into injury mechanisms.

This study models peripheral inflammation after
aSAH using correlational networks. Systematic mod-
els of cytokines examined indicate a peak in their in-
teractions at 24 to 48 hours. Several clusters of
correlated cytokines were observed at different times.
Cytokines that do not show trends or differ across
groups may play dynamic roles systematically and vice
versa. Severity of injury was associated with negative
correlations, indicating the presence of regulatory
mechanisms. In addition to traditional statistical
methods, informatics tools may provide deeper
insight into the immune response after aSAH.
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