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Intracarotid arterial hyperosmolar mannitol (ICAHM) blood-brain
barrier disruption (BBBD) is effective and safe for delivery of thera-
peutics for central nervous system malignancies. ICAHM osmotically
alters endothelial cells and tight junction integrity to achieve BBBD.
However, occurrence of neuroinflammation following hemispheric
BBBD by ICAHM remains unknown. Temporal proteomic changes in
rat brains following ICAHM included increased damage-associated
molecular patterns, cytokines, chemokines, trophic factors, and cell
adhesion molecules, indicative of a sterile inflammatory response
(SIR). Proteomic changes occurred within 5 min of ICAHM infusion
and returned to baseline by 96 h. Transcriptomic analyses following
ICAHM BBBD further supported an SIR. Inmunohistochemistry
revealed activated astrocytes, microglia, and macrophages. More-
over, proinflammatory proteins were elevated in serum, and pro-
teomic and histological findings from the contralateral hemisphere
demonstrated a less pronounced SIR, suggesting neuroinflamma-
tion beyond regions of ICAHM infusion. Collectively, these results
demonstrate ICAHM induces a transient SIR that could potentially
be harnessed for neuroimmunomodulation.
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he primary function of the blood-brain barrier (BBB) is to

maintain brain homeostasis by limiting the transit of infectious
agents, plasma proteins, toxins, drugs, and cells from systemic
circulation into the parenchyma while simultaneously permitting
oxygen and glucose transport to sustain brain metabolic functions
(1-3). The BBB consists of specialized endothelial cells that are
connected through various tight junction proteins (TJP) and
bordered abluminally by a unique basement membrane and as-
trocyte endfeet. This specialized endothelial barrier is one part of
the neurovascular unit (NVU), which includes pericytes, micro-
glia, astrocytes, neurons, and extracellular matrix to coordinate
cerebral vasculature function with neuronal activity (1, 3-8). Al-
though the BBB critically protects the brain, it also inhibits central
nervous system (CNS) delivery of therapeutic agents for neuro-
logical diseases and cancers. BBB integrity is inconsistent in central
nervous system (CNS) malignancies, ranging from nearly imper-
meable to a completely ineffectual barrier (9). Heterogeneous
NVU function within the tumor, the proliferating edge, and peri-
tumoral brain results in low and inconsistent delivery of chemo-
therapy and other targeted therapeutics (10).

Various techniques have been used to cause transient BBBD
and allow delivery of chemotherapeutic agents, antibodies, genes,
and nanoparticles to treat CNS diseases and malignancies (11-20).
These techniques include intracarotid artery infusion of hyper-
osmolar mannitol (ICAHM), convection-enhanced delivery, and
magnetic resonance imaging (MRI)-guided pulsed focused ul-
trasound (pFUS) in combination with intravascular microbubbles
(MB) (10, 11, 14, 15, 17,"19-26). Following BBBD, the cellular
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elements of the NVU respond to an influx of plasma protein with
an increased expression of cell adhesion molecules (CAM) on the
luminal surface and the transient release of damage-associated
molecular patterns (DAMPs), cytokines, chemokines, and tro-
phic factors (CCTF) from microglia, astrocytes, and endothe-
lium (4, 21, 27-36). Increased CCTF and CAM in the absence
of an infectious agent defines a sterile inflammatory response
(SIR), which in turn can induce an influx of systemic mononuclear
cells into the parenchyma (21, 28, 29, 31, 32).

Previous studies have shown that noninvasive MRI-guided
pFUS+MB, which effectively causes BBBD in various preclini-
cal experimental models and clinical trials, induces an SIR in the
absence of cerebral damage (21, 24-26, 37-40). Within 5 min after
pFUS+MB, increased interferon gamma (IFNy) levels were ob-
served, which can stimulate an innate immune response (41, 42). It
has been hypothesized that the SIR stimulated by pFUS+MB-
induced BBBD may have utility in treating neurological disorders.
However, pFUS+MB has been limited in early clinical studies due
to the relatively small brain volumes that can be disrupted (11, 12,
14, 15). Improvements in pFUS+MB technologies in combination
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with cavitation detection may improve the capability for this
sonication approach to induce BBBD in larger brain volumes (43).

Alternately, ICAHM is an effective method for hemispheric
BBBD that has been safely used to enhance the delivery and ef-
ficacy of chemotherapy or targeted immunotherapeutics in treat-
ment of CNS lymphoma and glioblastoma (16, 17, 20, 44-49).
Furthermore, due to the localized infusion of chemotherapeutics
or other agents following the mannitol infusion, ICAHM allows an
increased concentration of therapeutics to CNS tumors while
limiting systemic toxicity. It has been reported that ICAHM has
been safely performed in over 700 brain tumor patients for a total
of over 7,300 BBBD procedures (10). ICAHM BBBD with che-
motherapy improves survival in chemosensitive brain tumors in
the absence of cognitive impairment and treatment-related deaths
(10, 44, 47). Although, ICAHM has been in clinical use since the
1980s to enhance delivery of chemotherapeutics, there have been
few investigations into the changes in the molecular and immune
cell responses in the brain parenchyma. Owing to the ready clinical
implementation of ICAHM, this study sought to investigate and
characterize potential SIR and immunomodulation following
ICAHM BBBD.

This study investigated the temporal proteomic and tran-
scriptomic changes in the rat brain following ICAHM-induced
BBBD. Within 48 h, ICAHM BBBD induced an SIR in the
treated hemisphere. Importantly, CCTF were detectable in serum
and corresponded to a delayed SIR in the contralateral cortex.
Opverall, the results indicate that ICAHM BBBD induces an SIR
and immune cell changes that can last 2 to 4 d.

Results

BBBD following ICAHM. Saline or HM was infused into the right
internal carotid artery of Long Evans (LE) (n = 58) and Sprague—
Dawley (SD) rats (rn = 24). Animals were then euthanized at 0 (saline
control), 0.083 (5 min), 0.5, 2, 6, 24, 48, and 96 h for proteomic and/or
transcriptomic evaluations and at 6, 24, 48, and 96 h for histological
examination (Fig. 14). Macroscopic evaluation of Evans Blue ad-
ministered immediately prior to BBBD revealed barrier opening
throughout the right carotid artery distribution in all animals. Brains
displayed variable staining intensity associated with the time interval
post infusion (Fig. 1B). There was no indication of microhemorrhages
post-ICAHM upon ex vivo MRI at 7 Tesla, which were devoid of
hypointense voxels within the brains (34) (Movies S1-S3).

Proteomic Responses to ICAHM BBBD.

Proteomic response to ICAHM in the ipsilateral hemisphere. Brain ho-
mogenates from ICAHM-treated, contralateral, and saline con-
trol hemispheres were analyzed by multi- and single-plex enzyme-
linked immunosorbent assays (ELISA) to determine differences
in protein concentrations between treatment groups. Following
ICAHM BBBD, significant changes in protein expression com-
pared to saline controls (P < 0.05, ANOVA) were identified that
were consistent with the development and subsequent resolution
of an SIR. Notable changes included up-regulation of DAMPs,
pro- and anti-inflammatory CCTFs, and chemotactic agents, with
a concurrent increase in neuroprotective factors and down-
regulation of proteins critical for BBB integrity. The proteomic
changes began within 0.083 h post-ICAHM infusion with significant
increases (P < 0.05 ANOVA) in interleukin (IL) 1B, IL2, IL12(p70),
leptin, fractalkine, regulated on activation, normal T cell expressed
and secreted (RANTES), and tumor necrosis factor alpha (TNFar)
in ipsilateral BBBD tissue relative to sham-treated controls (Fig. 2
and SI Appendix, Fig. S1). From 0.5 to 6 h with significant increases
in DAMPs and proinflammatory factors (IL1a, IL6, interferon
gamma-induced protein 10 [IP-10], INFy, stromal cell-derived
factor-1 [SDF-1], heat shock protein [HSP] 70, and erythropoie-
tin [EPO]) and chemotactic factors (granulocyte colony stimulat-
ing factor [G-CSF], granulocyte macrophage colony stimulating
factor [GM-CSF], eotaxin, monocyte chemoattractant protein-1
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[MCP-1], and macrophage inflammatory protein-la). Several of
the elevated stress reactive proinflammatory proteins (IL1a, IL6,
IL18, IP-10, MIP1a, RANTES, TNF«, and EPO) remained sig-
nificantly increased over 48 h, before declining to baseline levels
by 96 h. At the 48 h time point, significant increases in several anti-
inflammatory CCTF proteins (i.e., IL4, ILS5, IL10, and IL13) were
identified, supporting active resolution of the SIR. In addition to
changes in inflammatory proteins, proteins impacting TJP integ-
rity were significantly down-regulated, reflecting prolonged alter-
ations in vascular dynamics following the initial acute ICAHM
BBBD (Fig. 2 and SI Appendix, Fig. S1). Over the first 24 h, there
was increased expression of proteins known to impact endothelial
function including TNFa, IFNy, EPO, MCP1, vascular endothelial
growth factor (VEGF), and cell adhesion molecule (VCAM) as
well as down-regulation of proteins directly impacting BBB
integrity including occludins, claudin-5, and zonulae occludins
1(ZO1/TJP1). TJP levels returned toward control levels over 48 h.
No significant changes in IL17, keratinocytes-derived chemokine
(KC), lipopolysaccharide-induced CXC chemokine, MIP2, or brain-
derived neurotrophic factor (BDNF) were observed over 96 h
after BBBD.

To assess whether the parenchymal proteomic changes observed
following ICAHM were strain dependent, expression of a subset of
these proteins was measured at 2, 24, and 48 h post-ICAHM in the
ipsilateral hemispheres of SD and LE rats (S Appendix, Fig. S$4). In
both SD and LE, ICAHM BBBD resulted in Evans Blue extrava-
sation into the ipsilateral hemisphere along with an SIR with similar
changes in proinflammatory CCTF lasting from 2 to 48 h. These
findings are consistent with the SIR occurring independent of
rodent strain and applicable across a heterogeneous population.
Proteomic changes to ICAHM in serum and the contralateral hemisphere.
Changes in CCTF and CAM in the serum of mannitol-treated or
saline-control rats (Fig. 2C and SI Appendix, Fig. S3) were also
evaluated at 0 (sham), 0.083, 0.5, 6, and 24 h post-ICAHM by
multi- and single-plex ELISA. Within 30 min following BBBD,
significant elevations in IL6, IL10, IFNy, G-CSF, GM-CSF, KC,
Eotaxin, EGF, MIP1a, MIP2, and VEGF were observed in the
sera from disrupted rats compared to sham controls. Sham blood
did not contain detectable quantities of IL6, GM-CSF, KC, or
EGF, and therefore, the fold changes were calculated by gen-
erating minimal control values for these proteins. From 6 to 24 h,
pro- and anti-inflammatory CCTFs were elevated, coinciding
with increased expression in the ipsilateral parenchyma following
BBBD (Fig. 2). Certain CCTFs were not detected from 6 to 24 h
in the serum including IL6, GM-CSF, KC, and EGF. Interestingly,
glial fibrillary acid protein (GFAP), presumably shed from intact
or activated astrocytes, was only detected at significant levels
within 30 min post-ICAHM and subsequently returned to base-
line. The early changes in CCTF, CAM, and TJP in the ipsilateral
brain following BBBD could account for leakage of CCTF into the
circulation.

The presence of elevated CCTF in the blood following ICAHM
BBBD led to the investigation of molecular changes in the con-
tralateral hemisphere that did not show evidence of Evan’s Blue
extravasation (Figs. 1B and 2B and SI Appendix, Fig. S2). Analysis
of CCTF, CAM, and TJP in the contralateral hemisphere from 2
to 96 h demonstrated similar patterns of significantly increased
inflammatory protein expression similar to what was observed in
the ipsilateral hemisphere (Fig. 2 4 and B and SI Appendix, Figs.
S1 and S2). The most significant fold increases were observed in
the proinflammatory proteins IL1a, IP-10, MCP-1, MIPla, and
RANTES at 24 to 48 h post-HM infusion. At 96 h, all significantly
elevated proteins were down trending, but IL1a, IP-10, MCP1,
MIPla, RANTES, and EGF remained significantly elevated com-
pared to the ipsilateral hemisphere, where only IP-10 remained
elevated. Similar to the ipsilateral hemisphere, TJPs (claudin-5,
occludin, and ZO1/TJP1) significantly decreased; however, these
results occurred at 24 and 48 h post-BBBD, whereas these changes

Burks et al.

Blood-brain barrier opening by intracarotid artery hyperosmolar mannitol induces sterile

inflammatory and\WA/ifaR@daideCOM


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021915118/-/DCSupplemental
https://doi.org/10.1073/pnas.2021915118

Downloaded at Palestinian Territory, occupied on November 23, 2021

ICAHM

Time (h) post ICA Mannitol

I I | | I | I
Saline 0.083 0.5 2 6 24 48 96
Control
Time (h) Saline 0.083 0.5 2 6 24 48 96
Proteomics + Ip Ip Ip/Con Ip/Con Ip/Con Ip/Con Ip/Con
Brain
Ip/Con
Proteomics + + + + +
Serum
RNAseq + + +
Histology + +
48 h

B Control 6h
® e

Fig. 1. Experimental design and analyses following rat BBBD by ICAHM. (A) Timeline of when samples of brain or serum were acquired for proteomic, RNA
sequencing, or histological analysis following ICAHM BBBD. (B) Representative examples of rat brains with extravasated Evans blue following ICAHM at

different time points that were used for histological and MRI analyses.

were observed in the ipsilateral hemisphere as early as 0.083 h
(Fig. 2). Comparing the fold changes in CCTF, CAM, and TJP
between the ipsilateral to contralateral hemispheres revealed sig-
nificant differences in the magnitudes and timing of changes for
CCTF, CAM, and TJP detected between 2 and 24 h timepoints (S7
Appendix, Fig. SS5). The proteomic results are consistent with local
SIR within the parenchyma of both hemispheres with a delayed
onset in the contralateral hemisphere compared to the ipsilateral
hemisphere (Fig. 2 and SI Appendix, Figs. S1, S2, and S5).

Gene Expression Alterations after ICAHM BBBD. Paired-end next-
generation sequencing of isolated RNA from brain homoge-
nates identified 13,034 transcripts in ICAHM BBBD rats and
sham control rats. Collectively, the alterations in expression of
genes associated with endothelial cell function, tight junctional
formation, and neuroinflammation revealed expression trends
that were consistent with proteomic observations. Evaluation of
the transcripts that encode key proteins from the proteomic
studies demonstrated a pattern of early (less than 2 h post
BBBD) and late (2 h and greater post-BBBD) transcriptional
changes (Fig. 3). Early genes included increased transcription of
genes encoding junctional proteins (Ocln and Tjpl), regulating
adhesion to endothelial cells (Vcam1), and several inflammatory
chemokine ligands (Cxcll and Cxcl12). Late genes included en-
hanced expression of an additional endothelial adhesion mole-
cule (Icaml) and proinflammatory factors (Illa, Il11b, 116, Ccl2,
CCL3, Cxcll, Cxcl2, Cxcl10, and Tnf).

To explore gene expression patterns within the entire tran-
scriptome, principal component analysis (PCA) was performed,
demonstrating the most significant variance at 24 h post-ICAHM
compared to sham-treated controls and all other time points (S/
Appendix, Fig. S6). Hierarchical clustering of the entire transcriptome
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supported that the greatest transcriptional changes occurred at the
24 h time point, exhibiting clustering of all 24 h samples in the
dendrogram (SI Appendix, Fig. S6). Further transcriptional analysis
therefore focused on evaluating the patterns of transcriptional
variation 24 h post-ICAHM.

Applying gene set enrichment analysis (GSEA), transcription-
level evidence of biological pathway alterations was explored at
24 h post-ICAHM compared to sham controls (Fig. 4). Probing
the gene ontology (GO) biological processes, curated gene sets
revealed patterns consistent with an enhanced immune response
as well as DNA, RNA, and protein biogenesis, repair, and modi-
fication (Fig. 44). Focusing on the more selectively curated
Hallmark gene sets demonstrated significant enhancement in the
MYC targets, IFNy response, IFNa response, IL6-JAK-STAT3
signaling, and allograft rejection gene sets at 24 h compared to
sham controls (Fig. 4B). Hierarchical clustering of these signifi-
cantly enriched Hallmark gene sets across all time points reveals
these changes develop most robustly 24 h post BBBD and not at
earlier time points (Fig. 4C). Collectively, these patterns support
the development of a sterile inflammatory process and functional
BBB changes with local enhanced transcription of genes contrib-
uting to these responses 24 h post-IHCHM.

Histological Alterations following ICAHM BBBD. Immunofluorescent
histological evaluations of the rat brain following ICAHM were
performed at 6, 24, 48, and 96 h on three to six adjacent sections.
Tissues were evaluated for changes in the various cell components
including NeuN (neurons), GFAP (astrocytes), Ibal (microglia),
CD68 (monocytes/macrophages/microglia), Glut 1, VCAM, and
activated (cleaved) Caspase-3 on endothelium and complement
5B-9 (C5B-9) as evidence of BBBD. Fig. 5 qualitatively demon-
strates the leakage of active C5B-9 into the parenchyma and on
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Fig. 2. Proteomic changes in the brain and serum following ICAHM infusion. Heat maps depict fold changes of CCTF, CAM, and TJP at select time points
compared to sham saline control rats for ipsilateral ICAHM-exposed brain (A), contralateral brain (B), and serum (C) obtained at time of euthanasia (n =5 rats
per timepoint). Fold changes were determined from protein levels normalized to the sham control (time point = 0 h) for the ipsilateral hemisphere, con-
tralateral hemisphere, and serum independently. Asterisks indicate statistically significant elevations (P < 0.05) identified by ANOVA and Bonferroni post hoc
tests. Boxes containing Xs for specific CCTF were not detected by ELISA. S/ Appendlix, Figs. S1-5S3 contain primary expression data.

the abluminal surface of the endothelium from 6 to 48 h time
points in the ipsilateral cortex to ICAHM and at 24 to 48 h on the
contralateral cortex. Histological confirmation of VCAM eleva-
tion based on ELISA of tissue homogenates was observed on the
activated adluminal endothelial surfaces (Fig. 6). The increase in
VCAM was apparent in the cortices over the 96 h and would be
consistent expression of various proinflammatory CCTF in the
blood and parenchyma. We observed increased activation of cas-
pase 3 in endothelial cells from both the ipsilateral and contra-
lateral hemispheres at 24 and 48 h post-ICAHM (Fig. 5), which
may reflect the increase in stress from either circulating or pa-
renchymal CCTF. Significant elevations in GFAP (P = 0.02 by
ANOVA) and CD68 cells (P = 0.017 by ANOVA) were ob-
served at 48 h following ICAHM based on immunofluorescence
microscopy (Fig. 7). There was also a trend of elevation for Ibal at
48 h (P = 0.054 by ANOVA), with significant Ibal elevations at
96 h (P = 0.009 by ANOVA). To further identify CD68™ cells in
treated brains 48 h post-ICAHM, dual immunostaining for CD68
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and Ibal was performed, and CD68* cells were examined for Ibal
positivity. The mean distribution of CD68* cells was 79.1% CD68"/
Ibal™ (microglia) and 20.9% CD68*/Ibal~ (monocytes/macrophages).
CD4* and CD8" lymphocytes were undetected by immunofluo-
rescence microscopy at any time points (SI Appendix, Fig. S7),
suggesting that ICAHM did not induce an adaptive immune
response.

Discussion

Transient opening of the BBB with ICAHM is a Food and Drug
Administration—approved technique to deliver agents across the
BBB with the ability to achieve hemispheric disruption in pa-
tients with CNS malignancies (clinicaltrials.gov: NCT01269853,
NCT00253721, NCT02861898, NCT02819479, NCT00303849,
and NCT00293475) (16-20) and has been associated with mini-
mal adverse events (10, 50). ICAHM BBBD is thought to alter
the metabolism and structure of the vascular endothelium due to
osmotic shrinkage (18, 22, 23, 51-54), influencing changes in
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intracellular calcium that can translate into disruption of tight
junctions, increased endothelial caveolae and transcytosis, and
leakage of intravascular molecules into the parenchyma that can
be visualized by contrast-enhanced MRI of the brain (55-57). In
addition, ICAHM transiently alters the NVU with astrocytic
swelling and separation of foot processes from the capillary en-
dothelium (56, 58). However, molecular analysis and evaluation
of immunologic changes following ICAHM have not been previ-
ously examined. In this study, we investigated molecular changes
at the transcriptional and translational levels following ICAHM
and demonstrated that a robust SIR begins within minutes of
ICAHM, continues to develop over 48 h, and resolves by 96 h.
Specifically, we found evidence for 1) proteomic changes in both
ipsilateral and contralateral hemispheres and blood along with 2)
genomic changes in the ipsilateral hemisphere supportive of 3) an
SIR-enhanced expression of neuroprotective factors and 4)
changes in the endothelium consistent with promoting transient
vascular permeability.

Proteomic, transcriptomic, and immunofluorescence analyses
of ipsilateral BBBD following ICAHM demonstrated the robust
development of subsequent resolution of an SIR over the course
of 96 h. Within 2 h post-ICAHM, increased expression of
DAMPs (e.g., IL1a, HSP 70) along with IL1, IL2, IL6, IL12p70,
TNFa, IFNy, and EPO were associated with BBBD and the SIR.
Albumin (detected by Evans Blue staining) and complement
C5B-9 in the ipsilateral hemisphere at 24 to 48 h would contribute
to release of CCTF from the NVU into the microenvironment (59).
While not measured in this study, fibrinogen is also a potent acti-
vator of CNS inflammation following BBBD (60). The acute in-
creases in proinflammatory DAMPS and CCTF are likely due to
protein influx from the circulation across the disrupted BBB as well
as release of preformed factors in acute-responding immune cells
(8,59, 61, 62). Transcriptomic analysis demonstrated that elevations
in genes for Tnf, Il1a, I11b, Ccl2, Cxcll, and Nfkb1 at 24 h indicate
activation of NFxB-associated pathways, which are observed with
injury and ischemia to the NVU (28, 29, 35, 36, 53, 63).
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RNA sequencing pathway analyses at 24 h post-ICAHM dem-
onstrated significant activation of both IFNa- and IFNy-signaling
pathways as well as those involved in IL6-JAK-STATS3 signaling,
which can promote a local proinflammatory microenvironment, as
evidenced by the delayed increases in GFAP and Ibal observed by
immunohistochemistry. Interestingly, there was minimal differ-
ence in astrocytic GFAP and microglial Ibal in both hemispheres
within 24 h post-ICAHM, possibly reflecting the presence of cir-
culating and parenchymal CCTF. This time course of astrocytic
and microglial activation was delayed in ICAHM BBBD com-
pared to pFUS+MB, in which Ibal was elevated at 1 to 6 h and
GFAP at 6 to 24 h, as opposed to the current in which study el-
evations were observed only at 48 h (21). pFUS+MB BBBD was
also associated with significant increases in CCTF and ICAM
starting at 5 min in the SD rat cortex and returned to baseline
levels by 24 h (21). In addition, ICAHM BBBD resulted in the
significant expression in IL 4, IL10, and IL13, which could limit
BBB opening and the extent of damage within the parenchyma (5,
54, 64-66). The delayed increase in neurotrophic factors EPO
(67), SDF1a (68), VEGF (69), and GM-CSF (65) in the paren-
chyma could also provide neuroprotection and stimulate neuro-
genesis to areas of BBBD (70-72). Another point of interest is
that pathway analyses indicated enrichment of IFNa pathways
following ICAHM BBBD. There is scant investigation of these
pathways in the absence of pathogens, but it is possible these
pathways could have important immunomodulatory functions that
would be relevant to clinical implementation of ICAHM BBBD.
Further investigation linking transcriptomic results and protein
expression within the parenchyma is warranted.

The alterations in inflammatory factors observed herein can
promote the influx of systemic immune cells. Acute (i.e., 5 to
30 min) elevations in TNFa, IL1a, IL1B, and IL2 could induce
chemoattractants (MCP1, GM-CSF, MIPla, and RANTES) and
generate an influx of systemic CD68* immune cells into the ipsi-
lateral BBBD but not the contralateral hemisphere at 48 h (Fig. 7)
(65, 73, 74). A distinct population of CD68™/Ibal™ cells was de-
tected in the treated hemispheres at 48 h, suggesting they could be
monocytes or macrophages (75), but it is unknown whether these
activated cells were resident macrophages within the parenchyma
prior to ICAHM or whether they infiltrated from the blood fol-
lowing the procedure. Of note, transient BBBD using pFUS+MB
resulted in infiltration of systemic innate immune cells into the
brain (21). It is also unclear why the contralateral hemisphere did
not experience an increase in CD68* cells despite elevated CCTF,
which might represent differences in the magnitudes of CCTF and/
or CAM responses. Further investigations are required to deter-
mine the relationship between ICAHM BBBD and the homing of
the innate immune cells into the parenchyma. Moreover, tran-
scriptomic results from the contralateral hemisphere may provide
insight into the different regional responses in the brain.

Increased CCTF in the blood may also contribute to the molec-
ular changes in the contralateral hemisphere. Proteomic analysis of
the contralateral hemisphere compared to saline controls revealed
unexpected increases in CCTF and CAM. Possible explanations for
this finding include the following: 1) ICAHM passed through the
Circle of Willis and activated contralateral endothelial cells resulting
in an SIR, 2) TNFa, IL1a, and IL1B propagated through the ipsi-
lateral parenchyma into the cerebrospinal fluid (CSF) and altered
homeostasis of the contralateral hemisphere (76), and/or 3) func-
tional alteration of the ipsilateral endothelial barrier lead to leakage
of CCTF into the systemic circulation via glymphatic drainage
through the CSF into the arachnoid granulations and dural sinuses
or via draining cervical lymph nodes (77-81). In CNS lymphoma
patients receiving ICAHM with chemotherapy, blood samples be-
fore and after BBBD demonstrated significant elevations of S100p
and a2 macroglobulin originating from the parenchyma at 4 h (82).
S100p along with GFAP are biomarkers that can be found in blood
following injury (83, 84). GFAP is part of the astroglia skeleton, and
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Fig. 4. Gene set enrichment patterns at 24 h post-ICAHM infusion in ipsilateral brain. (A) Enrichment map visualizations of GSEA demonstrating GO bio-
logical processes enriched at 24 h post-ICAHM BBBD relative to controls (n = 5 rats per timepoint). Nodes represent GO terms. Functionally related clusters
were manually circled and labeled. Node color represents direction of enrichment (Red: up-regulation; Blue: down-regulation). Node size is proportional to
the number of genes within each GO term. Edge thickness signifies degree of overlap between GO terms (number of genes shared between two gene sets).
(B) Enrichment plots of the top five significantly (FDR g-value <0.05 with NES >2.0) enriched hallmark gene sets at 24 h post ICAHM BBBD compared to
controls. NES: normalized enrichment score; FDR: false discovery rate. (C) Hierarchical clustering of genes (x-axis) that define the top significantly hallmark
gene sets identified above. Gene expression patterns across samples from all time points (y-axis) demonstrate prominent up-regulation in samples collected
24 h post-BBBD. Transcriptional expression values were log2 transformed and z-score normalized by gene. Dendrogram was constructed using Euclidean
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distance measure with hierarchical cluster analysis by Ward’s method.

the transient elevation observed in the blood following ICAHM may
result from the increase in perivascular edema that stretches or
removes astrocytic endplates from the endothelium (58). Further
investigation will be needed to determine whether temporal tran-
scriptomic differences exist between hemispheres following ICAHM
BBBD. Tweezing out the contributions of the various cellular com-
ponents of the NVU to the SIR in response to ICAHM will require
monitoring of temporal changes by signal-cell RNA sequencing.
The mechanisms by which ICAHM BBBD induces the observed
changes in rat brain have not been fully elucidated. ICAHM
transiently alters the NVU with astrocytic swelling and separation
of foot processes from the capillary endothelium and alteration in
TJP expression (56, 58, 85). Capillary shrinkage has been associ-
ated with increasing doses of ICAHM and DNA damage (terminal
deoxynucleotidyl transferase dUTP nick end labeling positivity) of
ed in the current
1 were significantly

decreased following ICAHM, acutely in the ipsilateral and
delayed in the contralateral hemispheres. In vitro exposures of
endothelial cells to HM at clinical concentrations result in in-
tracellular Ca®" increases and apoptosis associated with activa-
tion tyrosine and stress kinases, as well as focal adhesion contact-
associated proteins (86). Intracellular Ca®* serves as second mes-
senger involved in regulation of BBB function and TJP integrity and
the changes in concentration to vasoactive and proinflammatory
CCTF (86, 87). It is possible that the dynamic alteration in blood
osmolarity during ICAHM that results in cellular deformation in-
duces mechanotransduction through mtracellular Ca®* signaling
(64, 65). The increase in cytosolic Ca** initiates a cascade of
events including increases in reactive oxygen species, nitric oxide,
ATP levels, activation of Rho-A—activated kinase, mitogen-activated
protein kinase, and NFkB pathways that leads to decreased ex-
pression and reorganization of TJP (86, 87). The elevation of
TNFa, MCP 1, and VEGEF in the parenchyma and circulation
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Fig. 5. Immunohistochemistry for complement C5B-9 and activated
caspase-3. Immunofluorescence staining of the contralateral and ipsilateral
(mannitol) hemispheres of rat brain (n = 3 rats per timepoint) at 6, 24, 48,
and 96 h post-ICAHM BBBD. There is enhanced staining for (A) complement
C5B-9 and (B) cleaved caspase-3 in capillaries, particularly at the 24 h time
point. DAPI (blue) represents nuclear staining. (Scale bars, 100 um for A
[inset, 10 pm] and 10 um for B.)

likely contributed to delayed return of the TJP to baseline (88,
89) and supports the observation of increased cleaved caspase-3
in the endothelium of both hemispheres (90). TNFa and IL1p
also stimulate human cerebral endothelium in vitro and cause
the release of numerous proinflammatory factors and chemo-
attractants for up to 72 h along with increased expression of
ICAM, VCAM, and soluble CAM (91).

ICAHM BBBD can be performed in both carotid artery in the
rat and the carotid or vertebral arteries in humans (10). In rats,
the ICAHM procedure can only be performed once, because the
artery must be ligated after mannitol infusion (92). However,
multiple BBBD procedures can be performed in patients; typi-
cally, two arterial circulations are opened once a month. The
ICAHM procedure is a relatively straightforward, albeit invasive
procedure, requiring the placement of intracarotid artery catheter
under fluoroscopic guidance in an interventional radiology suite.
Enhanced chemotherapy delivery using ICAHM BBBD proce-
dure has been performed with minimal adverse events (10, 50).

Mannitol

Contralateral

ICAHM enhancing of both drug delivery and inducing SIR
may have implications in the treatment of CNS diseases as well as
infiltrative cancers. It is plausible that ICAHM BBBD-inducing
DAMP and a transient SIR with activated microglia and the
innate immune response could be harnessed to increase clearance
of neurotoxic amyloid plaques along with Tau proteins similar
to what has been observed with pFUS+MB (93-101). In ex-
perimental models of Alzheimer’s disease (AD), single or
multiple pFUS+MB BBBD treatments decrease the burden of
amyloid B(AB) plaques and/or hyperphosphorylated Tau, which
are accompanied by function clinical outcomes (93-101). The
SIR following pFUS+MB BBBD activates microglia, resulting in
increased clearance of AP plaques (96, 102, 103). Following in-
vestigation in large animal models of AD, translation of repeated
ICAHM BBBD should be evaluated in clinically approved AD
trials alone or in combination with neurotherapeutics.

In the current study, the lack of damage or antigen presentation
in either hemisphere in the presence of the SIR was an insufficient
stimulus to induce an adaptive immune response with influx of
CD4"* and CD8* Ilymphocytes into the brain. Early studies with
checkpoint immune therapies have shown that more immunogenic
tumors respond better to these immune modulating treatments
than anergic tumors (104) such as glioblastomas which can have
an immunosuppressive tumor microenvironment (TME) (105,
106). The induced SIR by ICAHM BBBD may sensitize the TME,
enhancing or serving an adjunctive role to anti-tumor immuno-
therapies. Further investigations to evaluate the effect of ICAHM
BBBD to determine whether the SIR can sensitize the CNS TME
to potentially stimulate both innate and adaptive immune cellular
responses alone or when combined with immunotherapy ap-
proaches enhance therapeutic outcomes.

There are a few limitations of this study that need to be addressed.
Although we showed that ICAHM BBBD caused an SIR in normal
rodents without CNS pathology, long-term follow-up of inflam-
matory status in the absence of confounding pathology could ad-
dress potential for chronic CNS immune activation. Additionally,
it would be important to determine whether ICAHM induces
similar molecular and immune responses in brain tumor models and
other CNS pathologies (i.e., AD), which would have compromised
endothelial function, as well as in large animal models in which the
technique could be performed multiple times. It is plausible that
ICAHM BBBD SIR in CNS tumor models would accelerate an
adaptive immune response shifting from an immunosuppressive to
anti-tumor microenvironment, elevating the immune score based on
the location of infiltrating cytotoxic T cells within the pathology
(107, 108). It will be important to evaluate whether repeated
ICAHM BBBD-induced SIR causes any pathological changes to
the NVU in nonmalignant CNS pathologies (i.e., AD) that would
allow rapid translation into clinical trials. ICAHM BBBD in com-
bination with neurotherapeutic infusions has successfully and safely

Fig. 6. Time course of VCAM expression in brain capillaries following ICAHM BBBD. Immunofluorescence staining of capillary endothelium in ipsilateral
(mannitol) and contralateral hemispheres of rat brains (n = 3 rats per timepoint) at 6, 24, 48, and 96 h post-ICAHM BBBD. VCAM stain (red) colocalized with
endothelial cells identified by ‘Glut1 staining (green) from 6 to 96 h post ICAHM. (DAPI [blue] is nuclear stain; Scale bars, 100 um.)
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Fig. 7. Histological evaluation of the effect in the brain post-ICAHM. Immunohistochemical staining of the ipsilateral and contralateral brain at 6, 24, 48, and
96 h post-ICAHM BBBD revealed significant (P < 0.05) increase in (A) CD68 reactivity (red; monocytes/macrophages/microglia) and (B) GFAP reactivity (green;
astrocytes) with a nonsignificant trend (P = 0.054) toward enhancement of Iba1 expression (red; microglia) in ICAHM-treated hemisphere compared to
contralateral control at 48 h. (C) Quantitative analysis for CD68*, GFAP, and Iba1 from HM-treated ipsilateral compared to contralateral hemisphere at 6, 24,
48, and 96 h. Normalized areas of positive fluorescence staining were calculated using ImageJ from 20 to 30 FOV in each hemisphere over three to five
sections from each animal (n = 3 rats per timepoint except for the 6 h timepoint of the CD68 panel where n = 2 rats). (D) Representative image of CD68 (red)
Iba1 (green) double staining from a treated hemisphere at 48 h post-ICAHM and quantification of CD68*/Iba1* (microglia; green arrow) and CD68*/Iba1~
(monocytes/macrophages; red arrow) cells (n = 3 rats). Imaging in D was analyzed using automated cell selection and counting algorithms in Image J from 20
to 30 FOV per animal. Statistical analyses were based on ANOVA comparisons between normalized area of fluorescence between the two hemispheres. Scale
bars, 100 pm in A and 20 pm in B and D. Images in A and B were acquired using a slide scanner that stitches multiple images from a slide into a single
composite image. For presentation, features of interest may span multiple stitched images. Data in C and D are presented as mean + STD.

been administered to patients with CNS malignancies (16, 17, 50).
Further research is needed to determine how the molecular and
pathological response to multiple ICAHM will impact the repar-
ative or neurodegenerative processes in the brain and whether
BBBD by ICAHM would increase or decrease susceptibility to
subsequent cerebrovascular injury. We have found no evidence of
long-term negative effects of ICAHM in patients, but potential
positive effects have not been evaluated (10, 44, 45, 48). We were
unable to identify which cellular components of the NVU that
contribute to the SIR and future studies should address the events
that initiate the changes in the microenvironment and whether
there is an issue with high levels of CCTF in the circulation.
Moreover, the temporal RNA sequencing data obtained following
ICAHM BBBD in the current study has not undergone an in-
depth exploration and therefore will require further evaluation.
Lastly, with the significant decrease in TJP and increases in CCTF
and CAM in the parenchyma at ~24 to 48 h post-ICAHM, it
would be important to potentially visualize by quantitative T1
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maps (109, 110) from contrast-enhanced MRI comparing results
from multiple time points to determine the effect of the SIR on
the integrity of the BBB.

In summary, ICAHM BBBD is a commonly employed ap-
proach for delivery of neurotherapeutics in the treatment of CNS
malignancies. The SIR associated with this approach within the
brain and serum along with the innate immune response should be
exploited in combination with immune therapeutic approaches to
stimulate an adoptive immune response in the treatment of CNS
malignancies (111). Further research is needed into the possible
clinical applications of ICAHM BBBD in stimulating immune
responses in the treatment of CNS diseases.

Methods

Animal experiments were approved by the Institutional Animal Care and Use
Committee and were supervised by the Department of Comparative Medi-
cine, Oregon Health & Science University, Portland, OR (animal protocol
IP0000843). Rats used for these studies were adult females weighing 200 to
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270g, obtained from Charles River (https://www.criver.com/). LE rats (n = 58)
were used for all experimental approaches. SD rats (n = 24) were used to
confirm proteomic and transcriptomic findings. All rats were aged 3 to 6 mo
at the time of procedures. Animals were entered into the study based on
weight: the mean + SD of the weights of LE rats was 239.7 + 16.6 g and
235.4 + 17.3 g for SD rats.

ICAHM and Evans Blue Perfusion. ICAHM infusion parameters were utilized
that have been previously demonstrated to open blood tumor barrier and
BBB in rats (112). Rats were anesthetized with isoflurane (5% induction, 2%
maintenance Aerrane; Anaquest, Inc.) and then switched to 1.5 L/min of
50% N,O and intravenous Propofol anesthesia (800 mg/kg/min; Zeneca
Pharmaceuticals). A ventral neck incision was made, and the right external
carotid artery was isolated at the level of the carotid bifurcation. A PE-50
polyethylene catheter filled with heparinized saline was tied into the right
external carotid artery retrograde toward the bifurcation with the common
carotid (92). Mannitol (22%) warmed to 37 °C was infused via the right
external carotid artery catheter at a rate of 0.08 mL/s for 25 s, using a
Harvard Instruments model 11-Plus constant flow pump (Harvard Apparatus,
Inc.). The external carotid artery was ligated after mannitol infusion, and the
skin was sutured closed. To provide a qualitative measure of the degree of
disruption, Evans blue dye (2%, 2 ml/kg) was administered intravenously (IV)
to all animals 5 min before BBBD to serve as a visual marker for BBBD and
was assessed after euthanasia.

Proteomic Analyses. Frozen brain tissue (n = 5 per time point) was homog-
enized in a Tween-20-based lysis buffer containing protease inhibitors
(Roche Diagnostics), and protein quantification was performed using bicin-
choninic acid protein quantification assays (Thermo Fisher). Samples were
diluted to a total of 2,000 pg/mL of total protein and analyzed by ELISA.
Serum samples were analyzed directly without further modification. Multi-
plex ELISA for rat cytokines (Milliplex, Millipore Sigma) and single-plex ELISA
for TJP1, Occludin, Claudin-5 (LS Bio), ICAM, VCAM (http://mybiosource.com),
HSP70, SDF1, BDNF, and EPO (Raybiotech, Peachtree Corners) were per-
formed according to manufacturer protocols. For heatmap presentation,
ratios of concentration values at each time point to the mean values of sham
control were calculated and expressed as fold changes. Proteins that were down-
regulated compared to controls (i.e., fold-changes between 0 and 1) were con-
verted to negative numbers by dividing —1 by the ratio of treated:control.

RNA Sequencing and Analysis. Frozen brain tissue (n = 5 per time point) was
homogenized and purified using column-based kits (PureLink RNA Mini Kits,
ThermoFisher). A total of 1 pg of RNA was acquired from each sample. RNA
quantity and quality were measured using gel electrophoresis (Experion RNA
Analysis Kits, BioRad), and all samples were within one RNA quality indicator
value of each other. Purified RNA was submitted to the NIH Intramural Se-
quencing Center, and paired-end messenger RNA sequencing was performed
using a NovaSeq. 6000 (lllumina). Sequencing files were processed in Partek-
Flow (Partek). Sequences were aligned using the STAR alignment tool
(v2.5.3a), and both genes and transcripts were quantified using the Partek E/M
quantification tool. Transcripts were normalized and filtered to remove tran-
scripts with <30 counts.

PCA was performed on the 1,000 most-variable genes in the dataset on
log,-transformed and z-score-normalized data matrix (FactoMineR and
Factoextra R package) (113). Distance matrices were computed for log,-
transformed and z-score-normalized expression data using the Euclidean
distance measure and hierarchical cluster analysis by Ward’'s method (Fac-
toextra R package) (113).

GSEA was performed on normalized counts to compare gene expression
patterns at 24 h after osmotic BBBD relative to control gene expression data
from non-BBBD brain tissue (114). GSEA was run applying default specifi-
cations, including the Signal2Noise ranking metric. Gene sets smaller than 15
genes and greater than 500 genes were excluded, and enrichment P values
were estimated by 1,000 permutations and corrected for multiple testing
using the Benjamini-Hochberg method. Analyzed gene sets were from the
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curated molecular signature database (MsigDB): Gene Ontology (C5; n =
4436) or Hallmark (H; n = 50) gene set collections, available at http://www.
broadinstitute.org/gsea/msigdb/collections.jsp (115, 116).

GSEA results were visualized using the Enrichment Map plugin for Cyto-
scape (V2.8, http://www.cytoscape.org/) (117). For visualization purposes,
nodes with conservative significance thresholds of P value <0.005 with a
false discovery rate (FDR) g-value <0.1 were included. Clusters of function-
ally related enriched GO terms with >5 nodes were manually circled and
labeled. In the largest cluster of significantly enriched nodes, representing
immune processes, individual nodes with the most significant enrichment
(FDR g-value <0.05 with a Normalized Enrichment Score [NES] >2) were in-
dividually depicted in list form by their GO gene set title.

Ex Vivo MRI. Ex vivo MRI was performed on a vertical bore 7 Tesla Bruker
BioSpin Magnetic using a volume coil (Bruker, internal diameter 2 cm). Brains
were immersed in susceptibility matching fluid (Fomblin, A-Tek LLC) and
imaged with a T2* weighted three-dimensional Multiple Gradient Echo se-
quence (TR = 100 ms, TE = 5 ms [first echo], Echo Spacing = 5 ms, number of
echoes = 10, Flip Angle = 30°, and Field of View [FOV] = 30 x 30 x 30 mm;
Image Resolution = 100 x 100 x 100 pm with number of averages = 6).

Histological Staining. Rats (n = 3 per timepoint) were euthanized at 6, 24, 48,
and 96 h post-ICAHM and were perfused with 4% paraformaldehyde and
postfixed for 48 h. Fixed brains were embedded in paraffin and sectioned at
5 to 10 pm. Paraffin tissue sections were stained for immunohistochemistry.
Sections were baked at 65 °C for 1 h and dewaxed in xylenes and rehydrated
in graded ethanol solutions. Antigen retrieval was performed by boiling
tissue in basic heat-induced epitope recovery citrate buffer (R&D Systems)
and blocked with SuperBlock (Thermo Fisher). Slides were incubated with
primary antibodies (see S/ Appendix, Table S1 for catalog numbers and
concentration) for 2 h at room temperature. Fluorescently labeled secondary
antibodies were incubated for 1 h at room temperature. Slides were
mounted using ProLong Diamond containing DAPI (ThermoFisher) and vi-
sualized using an epifluorescent slide scanner (AperioFL, Leica Biosystems) or
epifluorescent microscope (Axio, Zeiss).

Histological Analyses. Between 20 and 30 FOVs from three animals in each
group were acquired for each hemisphere. Images were analyzed using
Image) (NIH) after thresholding each FOV image. The total area of the
positive fluorescent signal was quantified in each FOV and normalized to the
total area of the individual FOV. Normalized positive fluorescent signal was
plotted for treated and contralateral as a percentage of total area. For Iba1/
CD68 double-staining, thresholding for each stain was performed, and then
cell-counting algorithms in ImageJ were used to quantify CD68* cells and
determine numbers of CD68*/Iba* and CD68*/Iba1~ cells.

Statistical Analyses. All values are presented as mean + SD. Most statistical
analyses were performed with Prism (version 8, GraphPad Software, Inc.).
One-way ANOVA with Bonferroni post hoc tests were used for multiple
comparisons. P values < 0.05 were considered significant. Statistical com-
parisons for transcriptomic data were performed using the gene-specific
analysis (Partek Genomics Suite, Partek Inc.) comparing each time point to
sham-treated brain tissue (represented as 0 h time point). For histological
analysis, comparisons between hemispheres at each time point were per-
formed with paired t tests with significant level P < 0.05.

Data Availability. All study data are included in the article and/or supporting
information.
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