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Running Title: IL-8 macrophages predominate in aggressive GBM tumor microenvironments

- IL-8 is expressed by GBM cells and enriched in lateral ventricle-contacting tumors

- M_IL-8 macrophages are CD32* HLA-DR** CD163* CD206* CD86- PD-L1-

- M_IL-8 macrophages instructed with IL-8 or GBM conditioned medium match human glioblastoma
associated macrophages

- IL-8 is necessary for GBM tumor cells to generate M_IL-8 macrophages
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Abstract

Adult IDH-wildtype glioblastoma (GBM) is a highly aggressive brain tumor with no established
immunotherapy or targeted therapy. Recently, CD32* HLA-DR" macrophages were shown to have
displaced resident microglia in GBM tumors that contact the lateral ventricle stem cell niche. Since these
lateral ventricle contacting GBM tumors have especially poor outcomes, identifying the origin and role of
these CD32" macrophages is likely critical to developing successful GBM immunotherapies. Here, we
identify these CD32* cells as M_IL-8 macrophages and establish that IL-8 is sufficient and necessary for
tumor cells to instruct healthy macrophages into CD32* M_IL-8 M2 macrophages. In ex vivo experiments
with conditioned medium from primary human tumor cells, inhibitory antibodies to IL-8 blocked the
generation of CD32* M_IL-8 cells. Finally, using a set of 73 GBM tumors, IL-8 protein is shown to be
presentin GBM tumor cells in vivo and especially common in tumors contacting the lateral ventricle. These
results provide a mechanistic origin for CD32* macrophages that predominate in the microenvironment of
the most aggressive GBM tumors. IL-8 and CD32* macrophages should now be explored as targets in
combination with GBM immunotherapies, especially for patients whose tumors present with radiographic
contact with the ventricular-subventricular zone stem cell niche.
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Introduction

Glioblastoma (GBM) is the most aggressive and most common primary brain tumor among adults,
with a poor prognosis of less than 2 years 3. While immunotherapies have revolutionized the treatment
of many solid tumors including melanoma, lung, and kidney cancer, GBM tumors remain resistant to
immunotherapies, in part due to an immune tumor microenvironment (TME) that is refractory to these

agents 45,

Glioblastoma-associated macrophages and microglia are the most abundant immune cell type
infiltrating tumors and can often represent up to half of all the cells of the tumor mass 8'°. The majority of
GBM tumor macrophages are presumed to originate from circulating blood monocytes ''. Upon entry into
the TME, these tumor macrophages adopt new cellular and molecular identities that are critical for GBM
progression. Macrophages can contribute to immune suppression through the expression of surface
proteins like CD163, a marker of immunosuppressive macrophages that contributes to T cell dysfunction
and has been associated with poor prognosis in GBM 214, High dimensional immune cell profiling in GBM
recently identified a subset of CD32* HLA-DR" monocyte derived macrophages that were distinguished
by a potentiated response to inflammatory cytokine signaling via p-STAT3. The abundance of CD32* GBM
associated macrophages (GAMs) independently stratified patient survival, and these GAMs predominated
in the microenvironment of tumors that contacted the lateral ventricles, the location of the ventricular-
subventricular zone (V-SVZ) stem cell niche 5. V-SVZ contact by GBM tumors is established as closely
associated with poorer clinical outcomes for patients’®'”. Reprograming immunosuppressive GAMs into
more inflammatory states has been shown to have potential clinical benefit '®2°. Thus, understanding the
mechanisms that generate CD32* GAMs in V-SVZ-contacting human tumors could provide a strategy to

rehabilitate the immune microenvironment of the most aggressive subtype of a deadly brain tumor.

Tumor associated macrophages play diverse roles in cancer development and tumor progression
leading to poor prognosis of many solid tumors beyond GBM 2, such as breast 22, head and neck 23,
bladder?*, melanoma?®, and prostate cancer 6. Thus far, murine models and patient derived xenograft
models have been used to understand the heterogeneous phenotypic states of infiltrating microglia and
macrophages in GBM 273!, However, these models may not reflect all aspects of human immunology and
may not reflect structural features of the human brain or GBM tumors. For example, CXCLS8, the gene for
human IL-8 protein, is one of the 20% of human genes that lacks a mouse ortholog. It is vital to
continuously improve preclinical models, and one area for urgent attention is to ensure that the immune

microenvironment of different models closely reflects that observed in human tumors.

Historically, healthy macrophage identity has been presented as aligned to one of two extremes:
M1-like macrophages that promote an inflammatory immune response or M2-like macrophages that
promote a suppressive immune response 2. However, the last decade of research has revealed and

characterized a spectrum of macrophage identities that can be tracked through surface proteins which are
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closely linked to diverse functions and activation states 3334, Current state of the art approaches define
macrophage activation states based on surface immunophenotype and name macrophage states based
on the cytokines leading to their specialization. For example, M1-like, IFNy polarized macrophages
(M_IFNYy) are distinguished by elevated expression of CD86, a surface protein that provides costimulatory
signals promoting T cell activation and survival 3%, PD-L1 3¢, the programed cell death ligand receptor, and
lack of expression of scavenger receptor CD163 and mannose receptor CD206 3337 In contrast, M2-like
macrophages can include those polarized by IL-6 or by IL-4 (M_IL-6 or M_IL-4). These macrophage
activation states both express high levels of surface CD163 and CD206 proteins, but M_IL-6 express
higher levels of the FCyRIl CD32 343,  |n addition, myeloid derived suppressor cells (MDSCs) are
distinguished functionally by their ability to suppress T cell proliferation and are characterized by low

expression of cell surface HLA-DR protein3®.

The tumor microenvironment can produce cytokines/chemokines, which are involved in the
recruitment of normal cells to promote growth, invasion, angiogenesis, and metastasis of glioblastoma.
The exact cytokines that are secreted from glioblastoma tissue may vary depending on the specific case
and the stage of the disease*°. While it is established that macrophages can respond distinctly to select
stimuli in their environment®2, other cytokines, such as IL-8, have not been studied as extensively in the
context of macrophage polarization. Therefore, it is not clear whether a monocyte derived M_IL-8 cell
exists, whether it ‘leans’ to M1 or M2, and whether it is phenotypically or functionally distinct from M_IL-6

macrophages or other subtypes.

IL-8 was originally described as a chemokine whose main functions are generally reported to be
attraction of neutrophils via receptors CXCR1 and CXCR2 4142_ It is now known to play key roles in wound
healing, angiogenesis, inflammation, and tumor growth 4344 and it has been most studied in cancer in the
context of epithelial origin tumors#®. In GBM, IL-8 was reported to be highly expressed and to play a role
in regulating GBM stem cells, promoting tumor growth, and promoting angiogenesis “64°. Previous work
focused on IL-8’s ability to activate vascular mimicry in tumor cells, including after treatment with alkylating
chemotherapy temozolomide %°. 1I-8 has been negatively correlated with glioma patient survival %'52, but
has not previously been linked to macrophages in GBM or to the aggressive subtype of GBM that presents
in contact with the V-SVZ.

Here, we use ex vivo culture of primary GBM tumor cells and healthy blood derived macrophages to model
the generation of suppressive CD32* GAMs. IL-8 is identified as the primary factor directing macrophage
identity in human GBM tumors, establishing a novel role for IL-8 in the tumor microenvironment and in
GBM.

Results

Healthy blood macrophages polarized ex vivo by IL-6 contrast with macrophages in human GBM
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In this study, GBM tumor conditioned medium (GBM_TCM) was added to the field-standard macrophage
polarization assay used to generate inflammatory and suppressive macrophages from healthy monocytes
3753, The goal of this experiment was to establish whether macrophages polarized with GBM_TCM
(M_GBM TCM) closely resemble those observed in vivo in human GBM tumors (GBM-associated
macrophages, GAMs). GBM_TCM for macrophage polarization was created by culturing dissociated
single cells from primary human glioblastoma tumors for 3 days (see Methods and ¥’ for additional detail).
After 3 days of culturing monocytes in the presence of macrophage colony stimulating factor (M-CSF), the
resulting macrophages were stimulated with GBM TCM for an additional 3 days, analyzed using spectral
flow cytometry, and their phenotype compared to GAMs or to canonical healthy macrophage subtypes

representing M1 (M_IFNy) and M2 (M_IL-6).

Box 1 — Quantitative comparison of proteins expressed on GAMs,

whether M_IL-6, or M_IFNy to M_GBM_TCM macrophages using MEM.

To determine M_GBM_TCM

the generation of

macrophages model

Proteins differing between GAMs vs. M_GBM_TCM:
APD-L1* HLA-DR2 CD642 CD32*2

[GAM proteins measured in a single panel: CD45*° CD45R0*"
CD2067 CD1637 CD44* CCR4* CD14** CD69* CD86™
CD11b*® CXCR3* CD43*? CD33*2 CD28*? CD56*2 TIM3*!
CD4*' CD38*' TCRgd*' CD16*" CD3*' CD57""

Proteins differing between M_IL-6 vs. M_GBM_TCM:

previously described GAMs, we performed
Marker Enrichment Modeling (MEM) analysis
37,54 using published cytometry data from

primary human GBM macrophages ' and

newly generated data from macrophages
subjected to different stimulatory conditions,
including TCM, M2 cytokines IL-6 and IL-4,

and M1 control cytokine IFNy 23. Following

ACD1637 CD206° HLA-DR*® CD64* CD324

[M_IL-6 proteins measured in a single panel: CD11c¢*® CD45*7
CD43*¢ CD33* S100A9APC*® CD36*> PD-L1% CD164*
CD13* CD9** CD11b*® Tim3*2 Slan*' CCR2*' CD123*
CD14*" CD19'C MerTK*® CD45RA* CD27** CD16*°
CD120a*® CCR7*° CD8** CD25* CD3*° CD68*° PD1*0

CD274*° CD127*°

Proteins differing between M_IFNy vs. M_GBM_TCM:
ACD1637 CD206° CD86*3 CD642 CD322 HLA-DR™2

[M_IFNy proteins measured in a single panel: CD11c*’
S100A9APC*® CD45* CD43*5 CD33*® PD-L15 CD164*
CD13* CD11b*® CD36*> CCR2*2 CD14*2 CD9*? TIM3*!
SLAN*' CD123*' CD19*° MerTK*® CD45RA*® CD27*° CD16*°
CD120a*® CCR7*° CD8*® CD25*° CD3** CD68* PD1*0
CD274*0 CD127*°

MEM, a AMEM analysis %, which subtracts two
MEM labels to identify differentially enriched

features, was performed to quantify and
compare changes in protein expression
between macrophages. Published cytometry

panels and newly generated data panels

Features with a significant difference (>3) between TCM polarized

shared 4 features that we compared in this |
macrophages and GAMs, M_IL-6, or M_IFNy are shown in bold.

analysis: CD64, CD32, HLA-DR/MHC II, and
PD-L1. Of these, CD32 and HLA-DR were signature features that distinguished C-GBM GAMs, and the
classic M1 feature PD-L1 was observed to be missing on C-GBM GAMs. The newly generated data also
measured CD86 (M1), CD206 (M2), and CD163 (M2) macrophage markers. The AMEM analysis showed
that TCM produces cells that differ from IL-6 and other conditions but were a close match for GAMs
observed in C-GBMs. While M_GBM_TCM were similar to GAMs in expression of HLA-DR, CD64, and
CD32 proteins, GAMs generally had lower PD-L1 expression compared to M_GBM_TCM (Box 1). In
contrast, IL-6 or IFNy stimulations did not lead to as much CD163 or CD206 expression as TCM. IL-6 did
not trigger expression of CD32, HLA-DR, or CD64 and IFNy led to much higher expression of CD86 than

TCM (Box 1). In addition to the markers shared between panels, MEM was used to evaluate features
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enriched or missing from these macrophage populations (Box 1, proteins measured in a single panel).
Taken together, these results indicated that IL-6 and other tested cytokines alone were not sufficient to

generate macrophages with the phenotype observed in vivo in GBM tumors.

Healthy blood macrophages polarized ex vivo with tumor conditioned media are CD32* M2 cells

comparable to primary GBM macrophages

Having established key features expressed by macrophages generated with GBM TCM, the goal was next
to understand percent positivity for different proteins using a traditional gating strategy. Using manual
expert gating, polarized macrophages were analyzed to quantify the amount of CD206 and CD163 positive
cells, CD32 and CD163 positive cells, CD163 positive and CD86lo expressing cells, and CD163 negative
and PD-L1hi expressing cells (Figure 1A). Unpolarized monocytes expressed low levels of all markers
and contained less than 5% of cells positive for any markers assessed. Less than 12% of M_IFNy
macrophages were found to be CD163*CD32*CD206* and CD86'"°. However, over 80% of M_ IFNy
macrophages were gated as CD163- PD-L1" cells, which is expected for M1 macrophages. M_IL-6 and
M_GBM_TCM macrophages consistently expressed M2 phenotype markers: over 39% of cells were
CD206* CD163", over 34% of cells were CD163*CD32*, over 26% of cells were CD163* CD86'°, and less
than 1% were CD163- PD-L1" for all conditions (Figure 1B). This established that in addition to
phenocopying GAMs, M_GBM_TCM macrophages exhibit a suppressive M2 like phenotype.

IL-8 was produced by cells from all tested primary human GBM tumors.

To learn more about potential mechanisms by which M_GBM_TCM macrophages are polarized into a
suppressive phenotype it was important to dissect the factors that are secreted by tumor cells during ex
vivo culture. The goal of this experiment was to identify any potential candidate mediators of macrophage
polarization in GBM. To identify secreted proteins present in GBM TCM, an array analysis testing for 105
different soluble factors and cytokines was performed on TCM from 7 primary human tumor samples
(Figure 2). Unconditioned media was used as a negative control (Figure 2A). Quantification of dot
intensity density, which is relative to the quantity of protein present in any sample, revealed 6 potential
candidates whose median secretion was above the calculated threshold of significance across all 7
tumors: Emmprin, CXCL8/IL-8, Macrophage migration inhibitory factor (MIF), Matrix metalloproteinase-9
(MMP9), Osteopontin, and Serpin E1 (Figure 2B) Only IL-8 was consistently secreted at a high level by
cells from all tested GBM tumors (Figure 2B, dark blue dots, N=7).

Blocking IL-8 abrogates M2 macrophage polarization by GBM tumor cells.

After identifying IL-8 as the most abundant and reproducible cytokine secreted into TCM across tumors,
we hypothesized that IL-8 is necessary and sufficient to generate CD32* M_GBM_TCM macrophages ex
vivo. To test this hypothesis, macrophages were polarized over 3 days in culture in the presence of either

recombinant IL-8 or GBM TCM and with or without a monoclonal blocking antibody against IL-8 (a-IL-8),
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which remained present throughout macrophage polarization. Using spectral flow cytometry, the

expression of signature M_GBM_TCM surface markers was measured.

To gain a visual understanding of how macrophage identity shifts across different polarization conditions,
a t-SNE analysis of all polarized macrophages based on all measured surface marker features was
performed. t-SNE plots displaying the cellular density across the map revealed that both M_IL-8 and
M_GBM_TCM macrophage conditions lacking a-IL-8 predominantly clustered towards the top left of the
t-SNE map (>57%). Macrophages polarized in the presence of an IL-8 blocking antibody (+ a-IL-8) were
found to predominately cluster towards the bottom right of the t-SNE map (>58%) (Figure 3A).

To quantify differences in phenotypes, a T-REX analysis % was performed to compare the macrophage
phenotypes that were generated in the presence or the absence of a-IL-8 (Figure 3B). T-REX plots
revealed condition-specific clusters of macrophages enriched when macrophages were polarized in either
the presence (colored in blue) or absence (colored in red) of a-IL-8. MEM analysis of these condition
specific clusters revealed that cells in, cluster 1 which were enriched in conditions lacking a-IL-8 expressed
higher levels of HLA-DR, CD206, CD163, and CD32 but lower levels of CD86 in comparison to cells in

cluster 2 which were enriched in conditions containing a-IL-8.

To get a closer look at specific expression of GAM signature proteins, expert gating was used to quantify
CD163* CD32* CD86'" cells in conditions with or without the addition of a-IL-8 (Figure 3C). M_IL-8 and
M_GBM_TCM macrophages displayed over 35% positivity CD163* and CD32* cells, and over 26%
positivity for CD163*CD86'"° cells. Upon addition of a-IL-8 blocking antibody, the percentage of CD163*
and CD32* and CD163*CD86' was reduced to under 23% for M_IL-8 cells and under 17% of cells for
M_GBM_TCM conditions.

Finally, histograms were used to view the effects of a-IL-8 on the expression of individual protein markers
(Figure 3D). This highlighted how blocking IL-8 in TCM prevents the expression of M2/GAM markers
(CD32 and CD163) in polarized macrophages. In addition, blocking IL-8 promotes a higher expression of
M1 marker CD86, but has little to no effect on PD-L1 expression. These results support two major findings:
1) IL-8 on its own is sufficient to polarize macrophages towards a phenotype that is similar to
M_GBM_TCM, and IL-8 in GBM TCM is necessary for the polarization of M_GBM_TCM macrophages.

IL-8 is common in primary tumors and more highly expressed in C-GBM tumors.

To confirm that IL-8 secretion also occurs in vivo in primary human GBM tumors, immunohistochemical
(IHC) staining for CXCL8 (IL-8) was performed on a tumor microarray (TMA) composed of primary tumor
samples from 73 IDH-wt GBM patients. To evaluate IL-8 expression across primary GBM tumor samples,
the percentage of IL-8 positive pixels per cell and per core was quantified for every patient core (3
cores/patient, 73 patients total). A wide range varying from 0%-50% positive pixels of IL-8 signal were
detected across cells and patients (Figure 4 A-B). Next, to evaluate IL-8 expression patterns across tumor

tissue, cellularity per core was quantified and plotted against % positive pixels. In addition, visual validation
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confirmed IL-8 staining patterns were predominantly extracellular as opposed to nuclear or cellular (Figure
4C). This confirmed that IL-8 secretion is a feature that was conserved from in vivo tumors in the ex vivo
GBM model system.

Presuming that M_GBM_TCM macrophages model CD32+ GAMs previously described as a
distinguishing immune cell subset for tumors that contact the V-SVZ (C-GBM), we hypothesized that if IL-
8 is necessary for the generation of M_GBM_TCM macrophages, then IL-8 would be more abundantly
expressed in C-GBM. To test this hypothesis, every tumor sample included in the TMA was
radiographically scored and classified as contacting (C-GBM) or non-contacting (NC-GBM). The
percentage of positive pixels per core was quantified and compared between C-GBM cores and NC-GBM
cores, revealing that IL-8 was more significantly expressed in C-GBM tumors (p<0.001, N=73) (Figure
4C).

Images of representative cores were then chosen to determine whether IL-8 protein expression was
primarily overlapping with non-immune tumor cells or immune cells. Strikingly, when IL-8 was expressed
at high levels, it was apparently present in non-immune tumor cells (Figure 4). Taken together, these
results indicate that in human GBM tumors that contact the V-SVZ, GBM cells produce IL-8 which shifts
incoming macrophages into CD32* M2 macrophages highly similar to M_IL-8s produced ex vivo by IL-8
and TCM.
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Discussion

Immune cells are known to play a critical role in the development and the progression of tumors.
Thus, tumor immune evasion has become recognized as a hallmark of cancer %°8. The modulation of
immune cells represents one of the main driving features of GBM®%°, and GBM subtypes have been shown
to modulate their TME through the aberrant secretion of multiple factors®?, especially including those that
contribute to immunosuppression®!. Myeloid derived macrophages, brain resident microglia, dendritic
cells, and myeloid derived suppressor cells (MDSCs) are the main components of the GBM TME®°. Since
macrophages are known to respond to stimuli in their microenvironment, we hypothesized that a GBM
secreted soluble factor might play a role in instructing the aggressive macrophages that have been shown
to drive the immunosuppressive microenvironment of GBM. We predict that these suppressive
macrophages may be functioning at the end of the cancer immunity cycle by suppressing T cell activities
that would ultimately lead to cancer cell death®8. The focus of this study was to understand how GBM
tumor secreted factors instruct the functional identity of previously described, survival stratifying,
immunosuppressive GAMs. In this study, an ex vivo cell culture model was established that phenocopied
GAMs that predominate in tumors that contact the V-SVZ neural stem cell niche. These GAMs were
originally described to have M2-like suppressive features, a finding that was confirmed here. Assessment
of GBM secreted proteins identified IL-8 as a key factor necessary for instructing this macrophage identity
in GBM.

Upon initial assessment of marker expression of polarized macrophages, we anticipated that a
factor such as IL-6 or IL-4 would be secreted across GBM samples, as these cytokines have been well
characterized for their role in instructing macrophages towards M2-like suppressive identities®263, In
addition, when assessing the protein expression of markers in the M_IL-6 and M_GBM_TCM macrophage
phenotypes, we noticed that these two classes shared the expression of some key surface markers (Figure
1A). However, we unexpectedly identified IL-8 as the most robustly secreted molecule among the 105
different soluble proteins that were tested (Figure 2), and we observed that IL-6 was no better than IFNy

and far worse that IL-8 and TCM at producing macrophages like those observed in vivo.

Cytokines like IL-6 and IL-8 have been identified as a part of the molecular signature of cytokines
secreted by GBM tumors 6485, Yet so far, literature surrounding IL-8 in cancer has focused on its role in
neutrophil recruitment® and angiogenesis®’ during tissue remodeling and inflammation®. In a healthy
wound healing response setting, activated macrophages, endothelial cells, and epithelial cells can
produce IL-8 in response to infections or tissue injury. IL-8 can function as a chemoattractant for
neutrophils who may form extracellular traps to kill invading microbes®®, and in endothelial cells IL-8
signaling can induce cell proliferation, survival and migration leading to angiogenesis . IL-8 expression
has been previously detected and linked to tumor progression in several types of cancers including breast,
colon, ovarian, bladder, and prostate cancers, as well as in melanoma’'-"4. In GBM especially, studies

have focused on describing the role of IL-8 in promoting glioblastoma stem cells*®, which are also thought
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to be major drivers of aggressive GBM tumors, cell migration signaling 7°, and angiogenesis*6:50.76,
Preclinical studies have suggested that blocking antibody treatments against IL-8 could potentiate greater
efficacy of immunotherapies in GBM?”. While GBM secreted IL-8 has been shown to be an important
player driving GBM cancer cell behavior®?, a major gap in the field remained when it came to understanding
how its presence in the TME could be affecting infiltrating macrophages. In fact, when looking further to
understand how IL-8 affects macrophages in a healthy tissue remodeling setting, we found that thus far
IL-8 has solely been described as a cytokine that is secreted by macrophages, and the features of a
macrophage response to this cytokine remained largely unknown until this study. Here we show that IL-8
is secreted both in vivo and ex vivo by GBM tumor cells, and we show that it is necessary for polarization
of M_GBM_TCM macrophages. Ultimately, these results indicate that IL-8 should be further studied as a
key determinant of the microenvironment in GBM and other cancer types, as IL-8 and its receptors may

represent suitable targets for therapies.

While this study describes the surface protein expression of key markers activated by IL-8 and
TCM in polarized macrophages, further studies are necessary to continue to fully describe the impact of
IL-8 on polarization of healthy microglia, monocytes and macrophages. Future studies of M_IL-8
polarization should assess functional tests such as antigen presentation, T cell activation/suppression in
a mixed leukocyte reaction, and cytokine secretion. In addition, phospho-flow cytometry could be used to

dissect downstream signaling pathways that are mechanistically involved in M_IL-8 polarization.

It is well established that immortalized cancer cell lines, which are often used as surrogates for
human tumors, provide a poor reflection of the diverse profiles of human patients’ tumors’8. GBM tumors
are especially notorious for their extensive genetic, epigenetic, intratumoral and intertumoral
heterogeneity”® which is often depicted as one of the major challenges for understanding the cellular and
molecular underpinnings driving GBM. It has been shown that the use of patient derived primary tumor
cells can provide a model that more closely reproduces the in vivo human tumor microenvironment®%8', In
attempt to understand GBM heterogeneity, transcriptomic analysis of primary tumor samples was recently
used to describe 4 distinct transcriptional states: neural progenitor (NPC)-, oligodendrocyte progenitor
(OPC)-, astrocytic (AC)-, and mesenchymal (MES)-like 82. Other models such as the use of organoids and
patient derived xenograft models have also been very useful tools for dissecting GBM tumor heterogeneity
and are increasingly utilized in neuro-oncology research for preclinical studies 84, In this study, the use
of primary human GBM tumor cells and healthy blood monocytes provided a model that yielded results
with in vivo human relevance. Given that even immune competent mouse models don’t express an IL-8
equivalent, the ex-vivo culture of primary cells provided an appropriate and representative model in this

study.

This work suggests a new mechanism for IL-8 in glioblastoma and implicates CD32* macrophages
as a key feature of the aggressive, immunosuppressive immune microenvironment in GBM. Clinical

studies should now explore targeting of IL-8, especially for patients with V-SVZ contacting GBM.
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Methods

Tissue Collection of Human Specimens and Processing

Surgical resection specimens of IDH- wild type glioblastomas that were collected at Vanderbilt University
Medical Center between 2014 and 2023 were processed into single cell suspensions following an
established dissociation protocol®. All samples were collected with patient informed consent in
compliance with the Vanderbilt Institutional Review Board (IRB #131870), and in accordance with the

declaration of Helsinki.

Patients were adults (=18 years of age) at the time of surgical resection. Resections were classified as
gross or subtotal resections by a neurosurgeon and a neuroradiologist. Tumor contact status in relation to
the lateral ventricle (V-SVZ) was determined by a neurosurgeon and a radiologist based on pre-operative

radiographic magnetic resonance imaging (MRI) of the brain, as detailed in Mistry et al. 86:87,

Ex vivo culture of GBM tumor cells and generation of tumor conditioned media

Cryopreserved samples of single cell dissociated GBM tumor cells were cultured for 3 days in ultra-low
attachment plates at a density of 2x10° cells/ml in a humidified atmosphere at 37°C, 5% CO2 in
macrophage polarization medium (RPMI 1640 enriched with FBS 10% and supplemented with 1%
PenStrep solution®”88). The resulting tumor conditioned medium was removed from the cells via

centrifugation and stored in 500 ul aliquots at -20 °C for future experiments.

Macrophage polarization

Peripheral blood mononuclear cells (PBMCs) from healthy donors were obtained commercially (Stem Cell
Technologies). For in vitro macrophage polarization experiments, healthy macrophages were obtained by
differentiating healthy monocytes. For ex vivo differentiation of monocytes, cells were cultured in 6-well
plates at 2 x 10° cells/ml in a humidified atmosphere at 37°C, 5% CO2 in RPMI 1640 enriched with FBS
10% and supplemented with 1% Pen/Strep solution. To purify monocytes from PBMCs via plate adhesion,
PBMCs were allowed to adhere to the plate for 3 hours to enrich monocytes; the cells in suspension were
discarded. To activate macrophage differentiation, monocytes were stimulated with macrophage colony
stimulating factor (M-CSF) (50 ng/ml) for 3 d in standard tissue culture, as previously described®*3’. Then,
macrophages were further polarized for 3 d by IL-6 (10 ng/ml), IFN-g (10 ng/ml), or a mixture composed
of 50% tumor conditioned media (GBM_TCM) (see TCM section) and 50% fresh media supplemented
with M-CSF. At the end of the polarization, wells were treated with Accutase (Sigma-Aldrich) prewarmed

at 37°C for 30 s before collection of cells for further analysis.
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IL-8 blockade in ex vivo studies

To block IL-8 during macrophage polarization, a monoclonal antibody against IL-8(a-IL-8) (clone #: 6217)
was used. Aliquots of tumor conditioned media were thawed and incubated with 0.8ug/mL of a-IL-8 for 30
minutes at 37°C prior macrophage stimulation. TCM was then combined with complete macrophage media
and added to differentiated macrophages to allow for polarization in culture over the next 3 days.
Macrophages were then collected accordingly with other conditions for analysis via spectral flow

cytometry.

Spectral flow cytometry

Polarized macrophages were collected post Accutase treatment and transferred to FACS tubes for live
staining. Cells were washed once with PBS and once with PBS BSA. Cells were stained for 30 minutes
with an antibody cocktail which included CD86 (IT2.2), CD64 (10.1),CD206 (EPR6828(B)), HLA-DR
(1243), PD-L1 (29E.2A3), CD163 (GHI/61), CD32 (FUN-2). During the last 5 minutes of staining, the
viability dye Alexa 700 SE dye (NHS) was added. Cells were washed once with PBS and once with PBS
BSA. After staining was complete, cells were analyzed on a CyTEK spectral flow cytometer within 30-60

minutes.

Cytokine arrays

The Proteome Profiler Human XL Cytokine Array Kit (R&D Systems) was used to measure the secretion
of 105 different soluble factors and cytokines in GBM tumor conditioned media. 500pl of tumor conditioned
media from each patient sample were analyzed per the manufacturer’s instructions on a nitrocellulose
membrane and then visualized using chemiluminescent detection reagents and the iBright imaging

system.

Human tumor microarray

Generation of a tumor microarray (TMA) of formalin fixed paraffin embedded (FFPE) glioblastoma
specimens was described in Leelatian et. al. &. Briefly, three 1mm areas were selected from each tumor
sample by a neuropathologist. Blocks were delivered to the Vanderbilt University Medical Center TPSR
(Translational Pathology Shared Resource), where cores were extracted from the encircled areas using
the Tissue Microarray Grandmaster (3DHistech). IHC of serial sections of the two resulting TMA blocks
(<10 um thick) were stained with primary antibodies conjugated to HRP and 3,3"-Diaminobenzidine (DAB)
detection for CXCL8 (clone), and counter stained with hematoxylin by the TPSR. Digital images were
obtained with an Ariol SL-50 automated scanning microscope and the Leica SCN400 Slide Scanner from
VUMC Digital Histology Shared Resource.

Data processing

All flow cytometry data collected was uploaded to Cytobank for further analysis.
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TMA IHC data was de-arrayed using QuPath (version 0.5.0) and per pixel DAB signal was quantified in

python using the separate_stains function in scikit-image (version 0.22.0). Individual core images were
processed for display using ImageJ.

For cytokine arrays, ImageJ Dot blot analyzer macro® was used to quantify intensity density of dots
present on each dot blot.
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Data Availability

Datasets analyzed in this manuscript are online at FlowRepository®' made available for reviewers
(see link in submission materials), and will be made public upon acceptance. Transparent analysis scripts
for datasets in this manuscript are available on the CytoLab Github page (https://github.com/cytolab/) with

open-source code and commented Rmarkdown analysis walkthroughs.
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Figure 1 — M_GBM_TCM are similar to an M2 phenotype and distinct from other M2 macrophages,
including M_IL-6. A) 2D contour plots show expression of signature surface proteins CD163, CD206,
CD86, and PD-L1 for each condition. Cells were either unstimulated monocytes, macrophages stimulated
with IFNy (a control for M1-like macrophages), macrophages stimulated with IL-6 (a control for M2-like
macrophages), or macrophages stimulated with primary tumor conditioned media collected after 3 days
of ex vivo culture (sample ID: TCM1, TCM2). B) Bar graphs display the percentage of cells included in
indicated gates across conditions.
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Figure 2 — IL-8 is secreted by glioblastoma tumor cells ex vivo. A) Cytokine arrays are shown from
media negative control (RPMI) and media conditioned by a representative glioblastoma tumor (RPMI +
LC-26). Darkness of the spot indicates increasing presence of one of the 105 tested cytokines. Positive
and negative control spots are located on each corner of the blot. B) Box plot shows quantification of the
intensity density of proteins measured on the cytokine arrays of GBM tumor conditioned media (N = 7
tumors). A significance threshold was calculated based on three standard deviations above the level of
background observed in negative control wells (red line). Cytokines present in at least 1 of 7 tumors are
labeled across the X axis. Significant cytokines where the median expression across tumors exceeded
the calculated threshold are colored in dark blue. Non-significant cytokines are colored light blue. Stacked
dots above the plot indicate the number of tumor samples that exceeded the threshold for any cytokine
measured. The most significant cytokine identified is labeled by a red box. The full dataset is available
online (Supplementary Information).
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Figure 3 — GBM secreted IL-8 mediates ex vivo polarization of macrophages to express a
suppressive signature. A) t-SNE plots display cell density of polarized macrophages across different
conditions including recombinant IL-8 (M_IL-8) and GBM tumor conditioned media (M_GBM_TCM), in the
presence or absence of a-IL-8 blocking antibody. B) T-REX analysis comparing polarization conditions in
the presence or absence of a-IL-8 where cells that are >80% enriched in macrophages polarized in the
absence of a-IL-8 are colored in dark red, >60% enriched in light red, cells enriched >80% in macrophages
polarized in the presence of a-IL-8 are colored in dark blue and >60% enriched in light blue. Cells colored
in gray are similarly enriched in both conditions C) 2D contour plots show expression of signature surface
proteins CD163, CD32, CD86, and PD-L1 for each condition. Gates colored in blue indicate the conditions
where macrophages were polarized in the presence of a-IL-8. D) Histogram plots display individual protein
expression of markers CD32, CD163, CD206, HLA-DR, CD86 and PD-L1. Overlaid histograms represent
macrophages polarized in the presence (blue) or absence (gray) of a-IL-8 blocking antibody. A blue dotted
line indicates a threshold for positive expression.
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Figure 4 — IL-8 is expressed in primary contacting tumors and less abundantly expressed in non-
contacting tumors. A) Dot plot comparing the percentage of positive pixels per core stained for IL-8 in
contacting (N=114) and non-contacting (N=78) GBM tumor cores. 3 cores of each patient sample were
included for a total of 192 cores. A Mann Whitney statistical test was used to analyze the difference in
immunohistochemical staining of IL-8 between the two groups. *** indicates p <0.001. B) Dot plot graph
comparing the average percentage of positive pixels per patient (N=73) stained for IL-8 in contacting
(N=44) and non-contacting (N=29) GBM tumors. A Mann Whitney statistical test was used to analyze the
statistical difference in immunohistochemical staining of IL-8 between the two groups. * Indicates p < 0.05.
C) Dot plot comparing number of cells per mm? (on an arcsinh scale) to percentage of positive IL-8 pixels
for each patient. Contacting tumors are displayed in red and non-contacting tumors are displayed in blue.
D) Representative immunohistochemistry images of CXCL8 (IL-8) expression on glioblastoma tumor
microarray (TMA) (12 Contacting tumor examples shown with red labels and 12 Non-Contacting tumor
examples shown with blue labels). Top right corner of each image contains 3x zoomed in view (scale
bar=100um).
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